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Abstract
Small molecule organic semiconductors such as phthalocyanines and their derivatives
represent a very interesting alternative to inorganic semiconductor materials for the
development of flexible electronic devices such as organic thin field effect transistors,
organic Light Emitting Diodes and photo-voltaic cells. Phthalocyanine molecules can
easily accommodate a variety of metal atoms as well in the central core of the molecule,
resulting in wide range of magnetic properties. Exploration of optical properties of
organic crystalline semiconductors thin films is challenging due to sub-micron grain
sizes and the presence of numerous structural defects, disorder and grain boundaries.
However, this can be overcome by fabricating macroscopically ordered semiconductor
films by solution processing. Presence of fewer grain boundaries and defects while
modifying the π orbital overlap by controlling the molecular stacking by forming
macroscopic long range ordered grains, was essential in understanding the delocalization and diffusion length and its role in magnetic exchange mechanisms in this
system.
The origins of magnetic exchange mechanism between delocalized ligand electrons
and spins in organic semiconductors has been of key interest as it underlies many
complex optical and transport properties and is investigated in this thesis. The interaction between magnetic ions in organic magnetic semiconductors is quite challenging
to interpret due to competing exchange mechanisms present in crystalline thin films.
Better understanding of these exchange mechanisms is essential for tuning of magnetic
exchange interaction to suit the need of practical magnetic storage and spintronic devices. Optical techniques such as linear dichroism, magnetic circular dichroism and
magneto-photoluminescence are used and provided key understanding about the relation between excitons, spin exchange mechanisms and collective magnetic behavior
of delocalized electrons in organic semiconductors. An enhancement in the collective
magnetization of the crystalline thin films with strong exchange coupling between
the delocalized ligand electrons and d-electrons is observed. The electronic states
responsible for magnetic exchange are identified utilizing magnetic field and temperature dependent studies. Furthermore, soluble organics allowed engineering of organic
analogues to diluted magnetic semiconductors (DMS) by creation of metal/metal-free
Pc alloys. Optical studies provided crucial information about delocalization and diffusion lengths in these systems allowing fine tuning of this delocalization length scale
and metal-metal distance. The exploration of magnetic behavior in metal/metal-free
Pc alloys opens an avenue for tuning magnetic properties through an exchange similar to Ruderman-Kittel-Kasuya Yosida (RKKY) type interaction in organic magnetic
semiconductors.
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Chapter 1
Introduction
This chapter gives a brief introduction to organic magnetic semiconductors with a
focus on Metal Phthalocyanines. The optical, electronic and magnetic properties in
Metal Phthlocyanines is reviewed as well.

1.1

Motivation

Diluted Magnetic Semiconductors (DMS) represent the foundation for many spintronics applications because they possess two essential characteristics; itinerant (conduction electrons) with a relatively long spin coherence time and a very strong exchange
interaction between these conduction electrons and the unpaired spin of the d-shell
ions present in the semiconductor (2; 1; 3; 4). These characteristics lead to two
important macroscopic phenomena: magnetic ordering of ion spins originating in a
carrier mediated exchange and spin polarized transport in semiconductors. This thesis embarks on a quest for an organic equivalent of DMS, in the context of tremendous
progress made in recent years in improving carrier mobilities and exciton diffusion
1

lengths in organic systems. Carrier mobilities in excess of 10 Vcm−2 s−1 and exciton
diffusion lengths as large as 1 µm have been reported recently (5; 6; 7) for small
molecule semiconductors at room temperature, opening a new avenue for possible
organic electronics applications that may go beyond solar cells or displays towards
all-organic flexible devices. One may go as far as envisioning small, all-organic logical circuits performing simple tasks on a chip where, very large processing speed is
not as critical as flexibility and cost effectiveness when it comes to large surface area
electronics. It is therefore important, to explore the possibility of an organic spininjector with large enough carrier mobility that would be compatible with existing
organic spin-valves.
The experiments reported in this thesis explore the pathway to achieve an organic
analogue to the DMS systems in a class of small molecules, the phthalocyanines (Pc)
that are omnipresent in our lives. The porphyrin carbon/nitrogen (C-N) ring with a
metal ion in the center plays an essential role in seemingly different systems such as
Chlorophyll in plants or the Myoglobin in our blood (8; 9; 10). Recent low temperature magnetization studies (11; 12; 13) of crystalline d-shell metal Phthalocyanine
(Cu, Co, Mn and FePc) discovered the presence of an ordered magnetic state, predicted to be carrier-mediated, reminiscent to the magnetic ordering in the inorganic
DMS. We seek to identify the specific delocalized electronic states involved in the
magnetic exchange interactions and find ways of controlling this exchange in a way
reminiscent of an Ruderman-Kittel-Kasuya Yosida (RKKY) interaction (14; 15). This
endeavor benefits from a solution processing deposition method (16; 17), developed in
house, that produces films with very large crystalline grain sizes (of the order of 1 mm
in width and several mm in length) minimizing the influence of disorder and grain
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boundaries on the optical spectra. We show that long range order plays a critical role
in exciton delocalization and that techniques such as Magnetic Circular Dichroism
(MCD) spectroscopy and Magneto-Photoluminescence (Magneto-PL) can be applied
on crystalline thin films of different MetalloPhthalocyanines (MPcs) to elucidate the
interactions between d-shell spins and ligand delocalized π orbitals in the presence of
crystal field and spin-dependent interactions. The first low temperature high field (<
25 T) MCD and Magneto-PL experiments performed in the 25 T Split Florida HELIX magnet at the National High Magnetic Field Laboratory were accomplished and
offer the unprecedented opportunity to explore these exchange mechanisms in a great
variety of organic and inorganic systems. These results will serve as a benchmark for
probing magnetic exchange interactions in wide variety of organometallic crystalline
thin films and inspire future theoretical calculations involving exchange interactions
in these systems.
The outline structure of this thesis is as follows. Chapter 1 gives a brief introduction to the important concepts relevant in organic magnetic semiconductors and small
organic molecules used in this work. Chapter 2 gives detail of the experimental setups
employed to investigate the properties of the material and synthetic chemistry used
for making the molecules along with fabrication of thin films and preliminary characterization results to highlight the scope of the experiments. Chapter 3 presents the
results for MCD on substituted Cobalt and Manganese Phthalocyanine with details
of magnetic exchange mechanisms present in these systems. Chapter 4 highlights the
results of tuning magnetic exchange interactions in the substituted MPcs. Chapter 5
is solely dedicated to high field magneto-optics development and application of these
techniques for advancement of scientific research.
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1.2

Organic Semiconductors

Most of the organic semiconductors can be divided into two major categories; small
molecule materials and polymers (8; 18). Small organic molecules have generated a
lot of interest in the scientific community due to their numerous optical and electronic
applications and are emerging as viable alternatives to traditional inorganic semiconductors (5; 6; 19). They are made of mostly carbon, hydrogen, nitrogen and oxygen
and depending on the molecular structure, their optical and electronic properties can
be easily tailored and modified. Figure 1.1 shows the structure of some common discotic molecules such as the porphyrin and phthalocyanine. These compounds have
low solubility in common organic solvents and as such cannot be used in solution
processing techniques.
Due to the presence of energy gap in aromatic systems, these materials could absorb and fluoresce in the UV, visible or near infrared spectral range and are therefore
used in photo-voltaics or as light emitters. When the energy of the incident photons is
sufficient to excite electrons into higher energy levels, an excited state called an exciton (an electron-hole pair bound by their attractive coulomb interaction) rather than
a free electron-hole pair is usually formed (6; 20). The energetically highest occupied
bonding orbital in organic semiconductors is called highest occupied molecular orbital
(HOMO). Correspondingly, the energetically lowest unoccupied anti-bonding orbital
is called the LUMO. The electronic excitation with the lowest energy is therefore
taking place as an electronic HOMO-LUMO transition (21; 22).
Apart from this attractive flexibility in design, small organic molecules can form
order in discotic or crystalline solid phases resulting in close packing of the molecules
4

Figure 1.1: Structure of some discotic molecules

in the solid state leading to enhancement the π orbital overlap of these materials (8;
18; 23). Molecular solids have strong covalent-type intra-molecular interaction present
while, much weaker Van der Waals type intermolecular interaction are the dominant
mechanisms resulting in ordering of these small molecules. In organic semiconductor
thin films, the exciton can be effectively localized on a single molecule (Frenkel exciton) due to weak electronic coupling between molecules resulting in low mobility.
5

A Frenkel exciton is strongly bounded electron and hole pair being confined within
one molecule and can diffuse around in the organic semiconductors through hopping
between neighbor molecules. If the exciton does not dissociate, it will recombine due
to its short life time and diffusion length. However, if the electron and hole are weakly
bound (Wannier-Mott exciton), their wavefunctions are delocalized over many lattice
sites (exciton Bohr radii in inorganic semiconductors are of the order of 100 Å), they
can be easily dissociated.
Fundamental studies on excitonic properties of single crystals of small molecule
organic thin films are still rare due to the polycrystalline nature of samples resulting
from weak intermolecular interactions (8; 18; 23). The crystalline phases have relatively low symmetry that results in a highly directions π orbital overlap and specific
high mobility axes within the crystal. For example, crystalline pentacene is a 2D
system characterized by two orthogonal axes with comparably high electron mobility
(16; 19) while phthalocyanines are quasi 1D systems (13; 24; 25; 26). The highly
anisotropic behavior of the ordered thin films and their impact on carrier mobility
and exciton diffusion lengths has been recently established (17; 27). The large mobilities and exciton diffusion lengths measured along these particular axes make them
favorable when being used as organic thin film transistors, flat optical displays, organic solar cells and applications involving large area electronics. With the added
advantage of device flexibility and low temperature processing (making it suitable for
use with plastics), organosoluble materials such as pentacene, rubrene, coronenes and
porphyrins can be highly desirable and cost effective.
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1.3

Importance of Macroscopic molecular ordering in Organic Semiconductors

For the past several decades, inorganic semiconductors such as silicon and gallium
arsenide have been the most commonly used semiconductor materials. Organic materials cannot yet compete in performance with crystalline inorganic semiconductors.
One of the most important limiting factor in these materials has been the large degree
of disorder, grain boundaries and random orientation of grains in the crystalline phase
(19; 27). grain boundaries and other structural defects are known to have a dramatic
effect on the overall carrier mobility and exciton diffusion and affect charge transport.
However, organic semiconductors are gaining momentum as materials for solar cell
applications due to being lightweight, their low-cost of fabrication and applications
involving large electronic area coverage and current state of the art organic electronic
devices achieved record mobilities of 20 cm 2 V−1 s−1 and large exciton diffusion length
(5; 6; 7; 28).
As mentioned earlier, the physical properties of organic semiconductors can be
easily modified by changing the ordering of these molecules in the crystalline phase
(8; 13). The close packing of these small molecular building blocks in the solid
further improves the charge transport in these materials, usually resulting in onedimensional or two-dimensional periodic structure in which charge carriers are free to
travel. The enhancement of the π orbital overlap between molecules leads to extended
delocalization of ligand electrons and higher mobilities. The recent focus on a better
7

understanding of charge transport and exciton diffusion revealed that disorder at the
grain boundaries is a major limiting factor in polycrystalline thin films (11; 17; 19;
29). It is believed that the optimization of device performance and reproducibility
can be achieved by controlling grain boundary orientation or forming favorable low
energy barrier grain boundaries.
Discotic molecules that form 1-D and 2-D structures usually have a rigid, planar core surrounded by flexible side chains (8; 18). The flexible side chains such
as alkyl chains are in most cases necessary to form columnar mesophases. The
side chain substitutions also render these molecules excellent solubility in organic
solvents. Solution-processable small-molecule organic semiconductors have excellent
film-forming properties due to their propensity of self aligning in macroscopically ordered grains. As it is widely believed that grain boundaries impede transport, much
effort has been focused on producing thin films with large grain sizes (17; 19). The
resultant optical, magnetic and transport properties can be tuned by choosing the
right structure material for a given application and macroscopically ordering them
on inorganic substrates or in heterostructures depending on desired optimization of
performance of the device.
Optical spectroscopy techniques such as photoluminescence, differential absorption and circular or linear dichroism are powerful non destructive investigation methods for collective excitations in solids (6; 11; 30). However, in organic films they are
severely limited by the large degree of disorder present on the length scale of optical
microscopy techniques (~1 µm). In many cases, the large concentration of defects
effectively quenches the luminescence. For small molecule polycrystalline films it is
very difficult to study correlations between long range order and excitons because
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the typical grain sizes are only in the tens to hundreds of nanometers range and the
recorded optical response contains contributions from many randomly oriented grains.
The interfaces between the crystalline domains that are common in photo-voltaic devices are critical for efficient charge transport in these materials. Controlling the
collection and minimizing the trapping of charge carriers at the grain boundaries is
crucial to achieving high efficiency in these devices. Novel solution-based deposition
methods that produce polycrystalline films with macroscopic mm-sized grains (16;
19) offer the opportunity for the first time to employ the wealth of powerful optical
spectroscopy techniques in order to gain insight into the fundamental links between
the electronic states, long range order and the role of grain boundaries in crystalline
thin films of organic semiconductors.

1.4
1.4.1

Phthalocyanines
Introduction

Phthalocyanines (Pcs) are macrocyclic compounds which have been around for almost
a 100 years and were produced accidentally in the early 1900’s (31). However, it was
Linstead and Dandridge who were instrumental in the first elucidation of the structure
of iron phthalocyanine in the early 30’s (32). Since their discovery, Pcs were widely
used as blue and green light-resistant pigments and dyes in the paper and textile
industries and more recently were also used as photo conducting agents (21; 31; 33).
Moreover, these synthetic compounds resemble naturally occurring porphyrins found
in Hemoglobin and Chlorophyll (8; 9; 10). A large number of Pcs have been produced
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and patented, with literature of thousands of publications. This is not surprising
considering their remarkable optical, electronic and magnetic properties. Because
of the easy synthetic chemistry involved, high thermal and chemical stability, and
the presence of optical band gap transitions in the near-UV/visible/near-IR region,
there has been interest in the use of Pcs in a variety of high-tech fields, including
organic semiconductor devices, photo-voltaic solar cells, molecular electronics, display
devices, gas sensors, liquid crystals, nonlinear optics, photo-dynamic reagents for
cancer therapy and other medical applications. The wavelength of the major band
gap transitions in the UV/Vis region is of critical importance in these applications
and can be easily tuned. Also, these cyclic compounds are generally non magnetic
and substitutions of a metal in the center can render magnetic properties to these
materials (34; 35). Although a number of these small molecules were purified and their
optical properties explored in detail, this thesis focuses primarily on phthalocyanines,
especially on non peripherally substituted Metal Phthalocyanines.

1.4.2

Different phases in Pcs

The optical and magnetic properties of phthalocyanines are closely related to their
crystal structure and different phases in the solid state (34; 36). The angle between the
c-axis and the normal to the plane of the molecule θ, together with the intermolecular
distance, gives rise to different polymorphs, the most common being the α and βphases (see Fig. 1.2). The β-phase is mostly found in bulk crystals is stable and
characterized by θ = 45o . In contrast, the α-phase is metastable with θ = 25o angle
found in bulk and often in thin films at room temperature. The x-form is another
common phase where in the molecules have two alternating distances repeating along
10

the stacking axis. Bulk MPcs crystals have strong anisotropic molecular structures
which arises from the van der Waals inter-molecular interactions which are stronger
when the molecules are face-to-face rather than side-to-side (8; 10).

(a)

(b)

(c)

Figure 1.2: Different phases of ZnPc originating from molecular stacking in crystalline
phase. (Adapted from Guillaud)

1.4.3

Substituted Phthalocyanines

The position and bandwidth of absorption bands of Pcs can be adjusted in several
ways, either by changing size and symmetry of the π-conjugated system of Pcs, or
by varying the central metal atom and the peripheral substituent (22; 37). A variety
11

of substituents can be positioned at four different points on each isoiminoindoline
ring, resulting in a large array of customization with a common central Pc structure.
These complexes substituted on the peripheral or non peripheral positions have higher
solubility in water and most common solvents. The number, position, symmetry
or type of substitution can further fine tune the optical, electronic and magnetic
properties (21; 37). The effect of substituents on the position and intensity of the
electronic absorption and fluorescence spectra of Pcs has been examined in detail in
solution (22). It was seen that the electron-releasing groups bound to benzo positions
of the Pc ring, results in the B and Q bands shifts to longer wavelength. Introduction
of electron-releasing groups in the benzo positions of the Pc ring generally shifts the
Q band to shorter wavelength. In addition, the splitting of the Q band of metal-free
Pcs decreases with increasing the symmetry of the substitution (22).
Figure 1.3 shows Pcs with alkyl groups substituted in the iso-iminoindoline rings.
These substitutions can be introduced into the phthalocyanine using one of the two
basic methods (22; 38; 39; 40). The direct approach involves modification of the
already existing phthalocyanine core using aromatic electrophilic substitution reactions as well as cyclo-addition reactions. This methodology is generally used for
large scale industrial production. The indirect approach involves the tetramerization of already substituted phthalocyanine precursors, which leads to a controlled
number of substituents on the desired phthalocyanine. The useful precursors for this
method include substituted derivatives of anhydrides, imides, amides, and nitriles.
This methodology is generally used for high quality, pure electronic applications and
was the chosen one for synthesizing substituted MPcs in the present work. Substitution of the metal in the core ring is fairly straightforward and usually a final step
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Figure 1.3: Organosluble molecules: (a) H2 OBPc (1,4,8,11,15,18,22,25-octabutoxy29H,31H-Phthalocyanine), (b) MOBPc, (Metal Octabutoxy Phthalocyanine), (c) H2 PcOC8 ,
(2,3,9,10,16,17,23,24-Octakis(octyloxy)-29H,31H-Phthalocyanine)

process during synthesis. Many metal ions, such as Co2+ , Cu2+ and others are held
very tightly to the core while not causing any significant distortion of the Pc macrocy-
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cle. Heavier ions such as lanthanide metal cations are too large to be accommodated
entirely in the cavity and usually lie above the plane of the Pc ring and prefer to form
sandwich type complexes that consist of two Pc rings. MPcs are discussed in detail
in the next section as they are prime materials investigated in this thesis.

1.4.4

Metal Phthalocyanines

Metal phthalocyanines (MPcs) are often presented as the archetype of small molecule
organic semiconductors because they are employed in the vast majority of organic
opto-electronics applications (6; 8; 9; 10; 33). Despite the significant body of research
work that explores the electronic properties of these molecules, magnetism studies
of MPcs in the crystalline phase are especially rare and raise numerous challenges
with regards to unambiguously identifying the exchange mechanisms and electronic
states involved in the observed collective magnetic state (34; 35). Theoretical models
predict that in crystalline 3d-transition MPc thin films, a spin-dependent exchange
interaction exists between the delocalized π-electrons of the phthalocyanine C-N ring
and the localized unpaired d-shell electron spin of the central metal ion (34; 41; 42;
43; 44). The exchange mechanisms are predicted to be very different depending on the
molecular ordering in the crystalline phase, the number of unpaired spins on the dorbitals of the central ion, the energy and symmetry of these orbitals relative to those
of the ligand π-electrons. Elucidating these exchange mechanisms is very important
for magneto-optics and spintronics applications (2; 45), especially in the context of the
great progress made in recent years on developing crystalline small molecule thin films
with very large electron mobilities (7; 19; 46). One can therefore envision the MPcs as
organic analogues for the Diluted Magnetic Semiconductors (DMS), a system where
14

conduction/delocalized electrons are spin polarized through an exchange interaction
with unpaired, localized d-shell electrons of a magnetic impurity (1; 3; 4; 47; 48).
Depending on the central metal atom, MPcs can have different unpaired spins
in their ground state (see Fig. 1.4). Magnetization measurements of the different
MPcs do confirm the presence of long range magnetic ordering and finite ordering
temperatures, but they cannot directly identify the electronic state(s) mediating this
indirect exchange, or measure the strength of this exchange mechanism between the
d-shell unpaired spins and the delocalized ligand electrons. This is a consequence
of the thermodynamic nature of SQUID magnetometry that only provides information on the overall interaction between unpaired spins, but it is unable to resolve
the contributions of conduction/delocalized electrons to this mechanism. In contrast,
polarization -resolved magneto-spectroscopy techniques, such as MCD and MagnetoPL can be used to investigate the nature of the exchange mechanisms because they
resolve the interaction between d-shell ions and each electronic state in the valence
band manifold, an interaction which results in spin polarization of delocalized electrons while facilitating the d-shell ion spin ordering (49; 50; 51; 52). Phthalocyanines
with open shell or paramagnetic metal ions exhibit very fast radiation less deactivation and intersystem crossing processes and as a consequence they do not fluoresce.
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(a)

(b)

(c)

Figure 1.4: (a) Metal-d orbitals with respect to the Pc molecule axes (notation as irreducible representations in D4h symmetry).(b) Spatial electron probability density of the
corresponding d-orbitals. (c) Electron filling scheme for MPcs and corresponding total spin
due to the unpaired electrons in the ground state. (Adapted from Bartolome)
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1.4.5

Analogy to DMS systems

Spin angular momentum is an intrinsic property of electrons. When an inner d- or
f-electron shell is incompletely filled in an atom, these unpaired electrons result in
an intrinsic magnetic moment. However, long range magnetic order in crystalline
materials requires not only a magnetic moment but also an exchange interaction
between these unpaired electron spins (4; 50; 53). The flexibility of organometallic
chemistry, which can alter spin states and the molecular building blocks in these
systems, introduces tunability of electronic and magnetic properties. These small
organic molecules such as phthalocyanines, can accommodate magnetic ions such
as Copper, Cobalt, Iron or Manganese in the center, making them exhibit various
types of magnetic ordering, especially ferromagnetism and anti-ferromagnetism (12;
13; 34; 35). In the crystalline phase, there is a strong interaction between electrons
in the phthalocyanine ligand leading to an energy band of delocalized states. Since d
electrons have a relatively large exchange interaction compared to their kinetic energy,
they can have a wide range of effects on these delocalized electrons depending the
relative energies and symmetries of the orbitals and the molecular stacking in thin
films. The f-shell electrons are generally more localized and tightly bound in the ion
and have less effect on delocalized electrons as they are energetically less favorable
candidates than the d-shell electrons.
As mentioned earlier, the origins of the various types of magnetic order in Metal
Phthalocyanines(MPcs) is due to the existence of discrete magnetic moments associated with metal ions and the quantum mechanical exchange forces between these
microscopic moments (26; 54). The interaction between localized magnetic ions and
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the delocalized ligand electrons in phthalocyanines can lead to kondo resonances and
itinerant magnetism as well as weak indirect exchange interaction (55; 56). Presence
of localized unpaired spins along with on site Coulomb interaction and intermolecular π-π overlap within these materials can lead to highly spin polarized bands and
has been widely suggested by both experimental results and theoretical calculations,
indicating that these materials are promising candidates for Spintronics based applications (12; 57). One can usually encounter two types of exchange coupling in
these materials, direct and indirect exchange. Direct exchange exists between moments when d-metal ions that are close enough to have significant overlap of their
wave functions resulting in a strong but short range coupling and this interaction
decreases rapidly as the ions are separated. Indirect Exchange, on the other hand,
couples moments over relatively large distances. Indirect exchange can act through
either the delocalized ligand electrons and lead to Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction or Superexchange between moments itself which can now couple
through an intermediate, non-magnetic ligands.
Similar to the Diluted Magnetic Semiconductors (DMS) macroscopically ordered
MPcs have delocalized itinerant (ligand electrons) carriers and an exchange interaction between these ligand electrons and the unpaired spin of the d-shell ion can
result in magnetic ordering and spin polarization of ligand electrons. Again, the various types of magnetic exchange mechanisms in MPc crystalline thin films need to
be explored, if one needs to control and ultimately tune these exchange interactions.
The identification of specific delocalized electronic states involved in the magnetic exchange interactions and controlling this exchange in a way reminiscent of an RKKY
interaction is discussed in the following section.
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1.4.6

Tuning Spin Exchange Interaction in Metal
pc’s

MPcs are finding wide applications as Organic Light Emitting Devices (OLEDs) and
recent improvements in solar cell efficiencies of organics, large mobilities and excitonic
properties dependence on strong intermolecular interactions makes it imperative to
investigate the effect of magnetic properties on the delocalized ligand electrons (12; 13;
34). The delocalization of conduction ligand electrons spanning several lattice sites
in crystalline small molecule semiconductors makes the understanding of exchange
interactions in these materials crucial for spintronics application. Metal Phthalocyanines (MPcs) represent an ideal test system for exploring subtle changes in exchange
interactions as these systems have varied exchange interactions that manifest itself in
the crystalline phase. Depending on the nature of metal and ligand interactions, indirect exchange, direct exchange, superexchange or even double exchange is possible
(12; 13; 34; 35).
In the recent years, control and manipulation of spin polarized conduction electrons in organic materials has involved many different methodologies. Apart from the
control of spins through external stimuli such as electric or magnetic field, one can
use different templating materials such as glass, plastic or other inorganic substrates
(12; 13). Changes in the optical and magnetic characteristics of organometallic films
grown on different substrates have been observed as changes in molecular ordering
affects the properties significantly. Substrates can also cause further enhancement, if
they can assist in either donating extra carriers or influence the exchange interaction
due to coulomb interaction or Kondo-like screening effects (55; 58). Metal doping
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and surface doping and creating multilayer heterostructures has also been shown to
be promising for tuning the magnetic exchange interactions in these materials. MPcs
can also be made organo-soluble by peripheral or non peripheral substitutions in the
outer ring structure. This helps in the further fine tuning of their band gap as well as
makes them employable in laterally directed solution processing methods. It opens
a new avenue of tuning the exchange interactions as MPcs can be mixed in different ratios in solution and macroscopically ordered thin films can be fabricated thus
altering their optical and magnetic properties.
Previous identification of the specific delocalized electronic states in metal free
octabutoxy phthalocyanine (H2 OBPc) and MOBPcs states involved in the exchange
helped further tuning of the exchange interaction in these materials in a way reminiscent of an Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. In this thesis work,
the proposed approach is to mix metal free and MOBPcs in different ratios. Since
they are both soluble in the same organic solvents, one can further take advantage of
a solution processing deposition method, and produce mixed films with macroscopically ordered grains minimizing the influence of disorder and grain boundaries on
the electronic and optical properties. MCD and spin dependent photoluminescence
results in high magnetic fields up to 25 T will be presented in this thesis. The increase
in the delocalization of ligand electrons as well as changes the metal-metal distance
in the mixed systems is expected to influence the exchange interactions present in
this system. More importantly, the HOMO and LUMO ligand states, if can be made
activated in this exchange, could be crucial in charge and spin transport.
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1.4.7

Exchange interaction in diluted magnetic
semiconductors

Diluted magnetic semiconductors (DMS) have magnetic atoms such as Mn or other
transition metals substituted in II-IV, III-V or other host semiconductors (1; 3; 48).
These alloys can form different crystal structures depending on the composition of
magnetic atom or the combination of the host semiconductor material. The interactions between unpaired spins and the free carriers in the host material lead to striking
effects such as the giant Faraday rotation (see Fig. 1.5) and large magneto-resistance
and Curie temperatures as high as 190 K have been reported for GaMnAs (59; 60;
61).
(a)

(b)

Figure 1.5: (a) Transmission spectra of CdMnTe showing giant faraday rotation(b) Magnetic field dependence of GaMnAs (Adapted from Bartholomew and Ohno)

In Mn substituted II-IV DMSs for example, the spin-spin interactions are mediated through a dominant superexchange mechanism through the two-hole process,
involving the valence band (62; 63). The one hole-one electron process (BloombergenRowland mechanism) and the two electron process (RKKY) are present but their con21

tribution is negligible. However, long range antiferromagnetic behavior is observed
as often, the free carriers help mediate the exchange interaction between the d-spins.
This indirect exchange between the d-electrons of the localized magnetic ion and the
s or p orbitals of the band electrons is referred to as the sp-d exchange. The sp-d
exchange interaction can be expressed in the Kondo form:
Hex =

X

~ i )S i · σ h,e
J σπ−d (~r − R

(1.1)

Ri

where Si is the Mn moment at site i, σ h,e is the spin operator associated with
a valence band edge hole (h) or a conduction band edge electron (e), and J is the
corresponding exchange constants. The summation extends over Manganese occupied
sites. The main approximation to simplify this exchange term is the molecular field
approximation (since the electronic wave function is very extended to a large number
of Mn ions), where in Si can be replaced by the thermal average <S> taken over all
Mn ions. Solving the Hamiltonian gives expressions for energy and modified g factors
for valence band and conduction band states that depend on the exchange constants
α and β (48; 59). It is well known that the dipole-dipole interaction between magnetic
moments is very weak and can not explain the typical magnitudes of spin dependent
splitting and interactions between electrons in DMS systems (3; 48; 64; 65). The
physical origin of these constants and their behavior is described as follows. There
is always a Coulomb potential exchange interaction that is present between s or p
band electrons and the d electrons which tends to align the spins ferromagnetically.
Additionally, there also exists hybridization of the d levels of the magnetic ion with the
s and p band electrons of the host semiconductor, leading usually to, but not always,
antiferromagnetic interactions which can become the dominant exchange mechanism
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in the DMS systems. In DMSs containing transition metals, the p-d kinetic exchange,
if symmetry allowed, couples the spins of carriers to the open d shell spins of magnetic
ions stronger than the potential exchange. The extent of delocalization of the d-ions
can dictate the spatial ordering of the spin polarization. When the d electrons remain
localized on parent ions, and in the absence of carriers, the spins of magnetic ions
are coupled by the superexchange mechanism. If the d electrons are delocalized (or
undergo an insulator-metal transition), a carrier-mediated spin-spin coupling known
as the sp-d Zener or RKKY mechanism is dominant.
In the case of GaMnN (diluted magnetic insulator), the absence of carriers leads
to short range ferromagnetic superexchange coupling, with Curie temperature Tc only
up to 13 K (66; 67). Also, depending on the growth conditions, presence of robust
ferromagnetism due to the existence of nanoscale regions containing a large density
of magnetic cations, can lead to formation of condensed magnetic semiconductors
within the host matrix (3; 65; 68). These materials do not order magnetically in
well crystallized bulk form and the magnetism depends on the presence of defects.
Moreover, the exchange mechanism cannot be explained using the methodology discussed earlier for DMSs as there is no strong evidence for magnetic semiconducting
properties. The Magnetic Circular Dichroism (MCD) analysis was used to confirm
the presence of spin polarization of charge carriers (50; 69) and it was shown that
Zn1−x TMx O (TM= Mn, Fe, Ni, Co, Cu) and Ga1−x Crx are paramagnetic DMSs as
well, with the no sp-d exchange interaction present. In this thesis, we extensively
use MCD to probe the exchange interaction when it comes to the organometallic
thin films and definitively answer questions about spin polarization of the delocalized
charge carriers.
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Chapter 2
Experimental details and Preliminary Characterization
This chapter details the chemical synthesis of substituted Metal phthalocyanines and
purification of other small organic molecules performed during the thesis project.
Thin film fabrication, optical instrumentation and magneto-optical setups are discussed. Preliminary characterization results are shown to enforce the scope of these
techniques. Further development of high magnetic field, low temperature optical
techniques will be dealt in the final chapter of this thesis.

24

2.1
2.1.1

Chemical synthesis
Synthesis of 3-d transition Metal Phthalocyanines

The synthesis mainly follows procedures developed by Cook et al., (40; 70) with
slight modifications to acquire higher yields wherever possible. However, reaction
yield was sometimes low, as the final goal was to obtain high purity samples and this
was done by running multiple columns followed by recrystallization. This was done
keeping in mind that impurities would negatively affect the thin film fabrication and
semiconducting properties of these materials. The detailed procedures for synthesis
and purification are mentioned in the following sections.
Metal free Octabutoxy Phthalocyanine
Synthesis of 1,4,8,11,15,18,22,25-Octabutoxy Phthalocyanine, H2 OBPc: In a 250 mL
reflux schlenk, 3, 6- dibutoxy-1, 2-dicyanobenzene (303 mg, 11.15 mmol) and butanol (15 mL) was heated to 60o C (colorless). Upon complete dissolution of product,
chopped lithium metal (225 mg, 445 mmol) was slowly added to the vigorously stirred
solution. Upon complete addition of the lithium, the mixture was heated to reflux
and allowed to stir under nitrogen for 1 h (blue green). After 1h, the solution was
cooled to room temperature, diluted with glacial acetic acid (150 mL) and filtered
(wine red). The filtrate was stirred for the subsequently removal of solvent under reduced pressure. The resulting solid was dissolved in dichloromethane Ch2 Cl2 , placed
in a separatory funnel, and washed with equal volume of saturated aqueous NaHCO3
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solution. Washing with bicarbonate was stopped once gas bubbles were no longer
observed after mixing (green). The organic layer was collected, dried with Na2 SO4 ,
and filtered. The filtrate was dried and set to recrystallize from CH2 Cl2 /MeOH (5:95)
to eventually give a dark green crystalline solid (yield-62)
The product was further purified by column chromatography using toluene and
ethyl acetate as eluants. After multiple columns, the product was recrystallized in
acetone prior to use in making ordered thin films and as starting product used to
synthesize metal OBPcs. The NMR and absorbance data is in good agreement with
the previous literature (70; 22). For NMR data please see Appendix A.1.
Zinc Octabutoxy Phthalocyanine
Synthesis of 1,4,8,11,15,18,22,25- Zinc Octabutoxy Phthalocyanine (ZnOBPc): Zinc
(II) acetate dihydrate (127 mg, 3.7 mmol) was added to a refluxing solution of metal
free H2 OBPc (350 mg, 0.102 mmol) in butanol (15 ml). The solution was maintained at reflux for two hours after adding the metal salt and cooled and flash chromatographed (silica gel, Ch2 Cl2 and diethyl ether as eluants). The green blue fraction
was dried under reduced pressure and further purified by recrystallization in THF and
ethanol solution (yield-55). The loss of the singlet peak due to the metal replacing
the hydrogen in the core of the phthalocyanine molecule is clearly seen in the NMR
data which is in good agreement with the literature available (22; 70). The absorbance
data is also in good agreement with the previous literature (22; 70) and also matches
very well with that of the same product supplied by Sigma Aldrich. For NMR data
and absorbance comparison, please see Appendix A.2.
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Copper Octabutoxy Phthalocyanine
1,4,8,11,15,18,22,25- Copper Octabutoxy Phthalocyanine (CuOBPc) was purchased
from Sigma Aldrich and further purified by column chromatography using dichloro
methane (Ch2 Cl2 ) and diethyl ether (1:10) and toluene and ethyl acetate combination
as eluants. This was followed by recrystallization in THF and ethanol. Crystals were
collected and dried for thin film fabrication. The absorbance in solution is shown in
figure 2.2.
Cobalt Octabutoxy Phthalocyanine
Synthesis of 1,4,8,11,15,18,22,25- Cobalt Octabutoxy Phthalocyanine (CoOBPc):
Cobalt (II) acetate (1.175 gm, 3.7 mmol) was added to a refluxing solution of metal
free H2 OBPc (200 mg) in butanol (15 ml). The solution was maintained at reflux
for 2 hours after adding the metal and cooled and flash chromatographed (silica gel,
Ch2 Cl2 and diethyl ether as eluants). The blue fraction was dried under reduced
pressure and further purified by recrystallization in THF and ethanol (yield-85). For
NMR data, please see Appendix A.3. The absorbance in solution is shown in figure
2.2.
Manganese Octabutoxy Phthalocyanine
Synthesis of 1,4,8,11,15,18,22,25-Manganese Octabutoxy-29H,31H-Phthalocyanine
(MnOBPc): Manganese (II) acetate (630 mg, 3.7 mmol) was added to a refluxing solution of purified metal free H2 OBPc (110 mg, 0.102 mmol) in Butanol (15 ml). The
solution was maintained at reflux for 2 hours under nitrogen after adding the metal
salt and subsequently cooled and column chromatographed twice (silica gel, Chloro27

form and methanol as eluants). The wine red fraction was dried under atmospheric
pressure by slowly evaporating solvent (yield-60).
Figure 2.1 shows the pictures taken while performing thin layer chromatography
(TLC) and column chromatography purification of MnOBPc product. The metal
substitution in the center of the Pc molecule ring raises the symmetry of the molecule,
causing the loss of degeneracy typically present in absorption spectra of metal free Pc
(22; 37) and this is clearly evident in the data (see Fig. 2.2). For NMR data, please
see Appendix A.3.
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Figure 2.1: (a),(b) MnOBPc column with and without UV illumination respectively showing separation of product and impurities (the impurities luminesce under UV illumination). (c),(d) Column fractions collected in test tubes with and without UV illumination
respectively. (e) TLC determination before column for optimization of eluant combination. (f) TLC after column chromatography under UV illumination showing purified product(sequence of fractions collected is starting left to right)
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Figure 2.2: Absorbance of metal free and metal phthalocyanines in toluene solution
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2.1.2

Purification of other organic semiconductors

A host of other organic semiconductors were also purified during the course of this
project. Macroscopically ordered thin films were fabricated with considerable improvement in thin film quality after purification. The materials were used for projects
carried out by Lane Manning and other undergraduate and REU students at UVM
and involved the exploration of the optical and excitonic properties in crystalline thin
films and their dependence on the core size of the molecule and also optical and excitonic properties of mixed alloys of metal free and metal OBPcs. The purification
method employed is listed in the following sections.
Octabutoxy Naphthalocyanine
1,4,8,11,15,18,22,25- Octabutoxy Naphthalocyanine (OBNPc) was purchased from
Sigma Aldrich and further purified by column chromatography in chloroform. This
was followed by recrystallization by slow evaporation in chloroform/methanol mixture. The absorption in solution is shown in figure 2.3a.
Nickel Octabutoxy Phthalocyanine
1,4,8,11,15,18,22,25- Nickel Octabutoxy Phthalocyanine (NiOBPc) was purchased
from Sigma Aldrich and further purified by column chromatography in toluene. This
was followed by recrystallization in THF and ethanol. The absorption in solution is
shown in figure 2.3b.
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Octakis Octyloxy Phthalocyanine
2,3,9,10,16,17,23,24- Octyloxy Phthalocyanine (H2 PcOC8 ) was purchased from Sigma
Aldrich and further purified by column chromatography in chloroform and methanol
as eluants. The product was collected and allowed to evaporate slowly in beaker. The
collected product was then vacuum dried for 6 hours. The absorption in solution is
shown in figure 2.3c.
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Figure 2.3: Absorption of purified OBNPc and H2 PcOC8 in chloroform and NiOBPc in
toluene solution.
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Tetraphenyl Porphines
5,10,15,20-Tetraphenyl-21H,23H-porphine (H2 TPP), 5,10,15,20-Tetraphenyl-21H,23Hporphine cobalt(II) (CoTPP) and 5,10,15,20-Tetraphenyl-21H,23H-porphine manganese
(III) chloride (MnTPP) was purchased from Sigma Aldrich and further purified by
column chromatography using chloroform, acetone and chloroform/methanol combination as eluants, respectively. This was followed by slow solvent evaporation for each
of these materials. Crystals were collected and dried under vacuum (yield-80).
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Figure 2.4: Absorption of H2 TPP, and MnTPP in chloroform and CoTPP in THF
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2.2

Solution Processed thin films

Organic thin films ,in general, can be macroscopically ordered into crystalline structures by different deposition techniques (19; 23; 27). Vacuum deposition is one of the
common technique used for phthalocyanines, where in a powder sample is evaporated
under vacuum on to a substrate to produce the desired thin film morphology (13; 71;
72). Vacuum sublimation is the most preferred technique to purify phthalocyanines
as the parent molecules are insoluble and one can form sub micron thin films with
nanometer -sized grains. During purification, a thermal gradient zone is typically
used to separate the impurities from the desired product. Solid material is placed in
vacuum and heated under the reduced pressure to sublimate, that is to go into vapor phase without melting. There are many other chemical and physical deposition
techniques such as chemical vapor deposition, spin coating, pulsed laser deposition
etc. (23; 8; 73), and each one of these have their own advantages and disadvantages.
For small molecules, the polycrystalline nature of thin films that originates in the
weak intermolecular interactions make it challenging to study correlations between
long range order and excitons because the typical grain sizes are only in the tens
to hundreds of nanometers range and the recorded optical response contains contributions from many randomly oriented grains. In contrast, a high degree of control
of morphology of the films can be achieved in the case of solution processed thin
films (16; 19; 27) wherein macroscopically ordered grains can be formed leading to
improved performance of devices.
Solution processed photo-voltaics have emerged as promising alternatives due to
the desired reduction of the cost of harvesting solar power and need of flexible large
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area electronics (8; 16; 19; 27). As mentioned before, solution processing provides
unique advantages over the other fabrication techniques as thin films with macroscopically ordered grains can be produced. The control of molecular packing in these
thin films leads to improvement of optical, electronic and magnetic properties. Films
with large surface areas can be formed at relatively lower costs and flexible substrates
can be also be used. Over the past decade, several solution processing techniques
have been developed to form polycrystalline thin films such as Fluid enhanced crystal engineering (FLUENCE), zone casting, solution shearing and others (8; 19; 27).
Hollow capillary pen writing technique(16; 17; 74) is one such method which was
developed in-house at UVM, wherein macroscopically ordered crystalline thin films
can be produced provided the organic material is soluble in a solvent. The following
section describes the procedure used to fabricate thin films using this method.
Hollow capillary pen writing technique

Figure 2.5: Image of thin film deposition stage. Blue arrow pointing towards the direction
of translation of the stage
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The thin film deposition technique used throughout this thesis is the hollow capillary pen-writing technique (16; 17). A rectangular capillary with size of 0.5×5.0mm2
I.D. (Wale apparatus Co. 4905-100) was loaded with a solution with a concentration
of 0.1 to 1.0 wt. of product dissolved in an organic solvent and is held in the borosilicate glass capillary by capillary forces. A sapphire or glass substrate is mounted on a
computer-controlled linear translation stage (Zaber model no. T-LSM050A-S-KT04)
and film deposition is accomplished by allowing the micro droplet of solution on the
end of the capillary to make contact with the pretreated sapphire surface and then
laterally translating the substrate at a controlled rate (see Fig. 2.5).
All the solvents used for thin film deposition were purchased from Sigma Aldrich.
Special c-plane cut sapphire substrates were purchased from Meller Optics. Polarized
images of thin films were recorded with an Olympus optical polarizing microscope.
All thin films studied here were deposited at room temperature. The thickness of thin
films and size of long grains were optimized by varying the solution concentration and
writing speed. The sapphire substrates were pretreated with Phenyltriethoxy Silane
(PTS) by immersing the sapphire in 3.0 wt  PTS in Toluene solution for 16 h at
90o C followed by sonication in toluene and methanol. This was followed by rinsing
in toluene and methanol. This substrate treatment helps improve the wettability of
the substrate considerably (74; 75).
Figure 2.6 shows the polarized microscopy images of an MnOBPc thin films showing different film morphologies based on optimization of deposition conditions and purification levels. Images from left to right have increasing speeds from 0.009 mm/sec
to 0.018 mm/sec, while each row ( top to bottom) has gone through additional stage
of column chromatography purification after synthesis. It is apparent that purifica-

36

tion plays a crucial role in formation of long range order and reducing the amount of
defects in the thin films. The next section details the optical properties and X-ray
diffraction on thin films of H2 OBPc formed by the pen writing technique.

Figure 2.6: Polarized images of MnOBPc thin films showing different morphologies while
changing pen writing speeds and during different purification stages; The three rows in the
figure are the stages when the material is being purified by multiple column chromatography
with the films in bottom most row, written post the third purification run. Thin films are
made at 1 wt.in toluene with writing speeds of 0.0089, 0.0134 and 0.0179 mm/s corresponding to each column. The grains are elongated along the penwriting direction. The contrast
in the third row shows different orientation of the grains separated by the well defined grain
boundaries.
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2.2.1

Macroscopic molecular ordering in Crystalline Phthalocyanine Thin Films

As mentioned earlier, solution processing helps produce films with macroscopically
ordered grains minimizing the influence of disorder and grain boundaries on the electronic and optical properties. Figure 2.7a shows the polarized optical microscope
images of solution processed H2 OBPc thin films. The octabutoxy chains attached to
the Pc ring improve solubility and influence the crystalline structure where molecules
stack in a quasi-1D chain along a particular crystalline direction, further referred to
as the "stacking axis", as depicted in figure 2.7b. Selection rules dictate that light
polarized along this stacking direction is not absorbed, hence the strong contrast
seen in figure 2.7a. The orientation of stacking axis relative to the polarizer/analyzer
axes of the microscope, as the film is rotated, changes and grains with the stacking
axis oriented along the polarizer axis of the microscope appear dark. It is important
to note the grains are mm-sized, which implies intrinsic excitonic properties can be
spatially-resolved within a single crystalline grain using spectroscopy techniques, free
from the influence of grain boundaries or disorder.
Figure 2.7b depicts the known powder crystal structure for H2 OBPc with the
stacking-axis denoted by the dashed arrow (76). The crystal symmetry is triclinic
with two molecules per unit cell denoted by p1 and p2. The lattice constants a, b,
and c, as well as the nearest neighbor distances along the stacking axis, d1 and d2,
are also marked in the same figure. It is noteworthy that, the introduction of the
side chains leads to a significantly different crystalline structure and packing than
the better known insoluble parent Pc molecule, where the stacking axis is the c-axis
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Figure 2.7: (a) Polarized microscope images of an H2 OBP c thin film showing long range
ordering. The contrast between black and green grains originates from the different grain
orientations with respect to the microscope polarization axis. (1 wt. % in toluene at 0.01
mm/sec; Scale bar is 500 µm.) (b) H2 OBP c crystal structure (the octabutoxy group was
omitted for clarity). The dashed arrow points along the molecular stacking axis [110] (c)
2D reciprocal space maps recorded in the GIXRD experiment on an H2 OBP c thin film. The
table lists our reflections assignments that match previously reported values.

of the unit cell (76; 77). Specifically, the side chains lead to very different stacking
angles (i.e. the angle made by the molecule plane with the stacking axis). However,
regardless of the side chain, the nearest neighbor distances along the stacking axis
are very similar and the interchain interactions are negligible, conferring crystalline
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Pc films a pronounced 1D character.
The crystallinity of the film was confirmed through a grazing incidence X-ray
diffraction (GIXRD) experiment where the sample was rotated around the axis normal
to the substrate to capture as many different reflections as possible and compare
them to the known powder XRD set of reflections. Figure 2.7c depicts GIXRD data
for a H2 OBPc thin film. Well-defined, sharp reflections were indexed according to
known XRD data (see Table 2.1). Calculated(calc) values obtained from the mercury
cif file data were compared to the Observed(obs) data acquired during thin film
measurements. The films exhibit very good crystallinity and macroscopic order with
the stacking axis parallel to the substrate (c-axis pointing parallel to the plane of the
substrate).

Reflection Plane
1
2
3
4
5
6
7

001
100
010
011
110
101
233

2θ
4.406
5.277
5.417
5.863
6.429
6.928
18.25

Qcalc
(Å−1 )
0.3910
0.4683
0.4805
0.5180
0.5701
0.6143
1.6120

QobsII
(Å−1 )
0.0089
0.4666
0.4578
0.4578
0.5544
0.4666
1.4442

Qobs⊥
(Å−1 )
0.3827
0.0338
0.1451
0.2406
0.1416
0.3890
0.5109

Qobs
(Å−1 )
0.3828
0.4678
0.4802
0.5172
0.5722
0.6075
1.5298

dcalc
(Å)
16.0765
13.4305
13.0766
12.0854
11.0161
10.2226
4.1062

dobs
(Å)
16.4136
13.4306
13.0833
12.1491
10.9808
10.3429
4.1071

Table 2.1: Summary of GIXRD data on H2 OBPc thin film. Calculated(calc) values obtained from the mercury cif file data compared to the Observed(obs) data during thin film
measurements. The [001] reflection is the out of plane thin film data while all other are in
plane reflection. The reflections are also shown in the figure 2.7c

Grazing incidence X-ray diffraction (GIXRD) was performed at the G-2 beamline,
Cornell high energy Synchrotron source(CHESS) facility at Cornell University. The
monochromatic x-ray beam of 10.05 keV is incident on the sample and the scattered
signal is collected on a set of Soller slits with a tall 1D diode array, which eliminates
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degradation of in-plane scattering angle resolution. The 2D images are translated into
reciprocal space QII and Q⊥ , out of plane and in-plane components of the scattering
vector Q, respectively. Out of plane XRD on OBPc thin film was also performed and
the data is shown in Appendix A.4.

Figure 2.8: Polarized microscope images of an Metal OBPc thin films showing macroscopic
long range ordering. The contrast between black and colored grains originates from the
different grain orientations with respect to the microscope polarization axis. (0.75 wt. % in
toluene at 0.015 mm/sec

Figure 2.8 shows the polarized microscope images of an Metal OBPc (MOBPc)
thin films fabricated on sapphire substrates. Macroscopic long range molecular ordering is seen and, as mentioned earlier, the contrast in the images originates from the
different orientations of grains with respect to the microscope polarization axis. The
grains are elongated along the pen writing direction (i.e. the direction of translation
of deposition stage). All these films were fabricated at 0.75 wt. % in toluene at 0.015
mm/sec speed. Similar to metal free OBPc films the MOBPcs also stack with edge
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on orientation. These films were subsequently used for the MCD experiments.

2.3
2.3.1

Optical Experiments
Absorption

The interaction of incident light with a material can lead to absorption of energy
i.e. the photons of the incident light can be absorbed by a material. The intensity
of the absorption varies as a function of frequency, and this can be measured to
produce an absorption spectrum. This can be used to characterize and quantify the
amount of the substance present in a material. In a typical experiment, to measure
the absorption spectra, light is transmitted through a sample and the intensity of
the light that passes through a sample is recorded. The intensity of the light passing
through a reference (background signal) is measured as well. The source of incident
light and the detectors may vary significantly depending on the properties of the and
the frequency measurement range.
As mentioned earlier, one can measure, either the transmittance or the absorbance
of a sample during an experiment in solutions. Beer-Lambert law can be used to
extract the absorbance (78) and is given by:
A = bc

(2.1)

where  is the molar absorptivity with units of L mol−1 cm−1 , b is the path length
of the sample and c is the concentration of the material in solution, expressed in mol
L−1 . A is the absorbance (78) which, in the case of thin films, can also be expressed
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as:
A = − log(

2.3.2

Isample
Ibackground

)

(2.2)

Linear Dichroism

Linear Dichroism (LD) is defined as the difference in absorption of polarized light
and is often used to probe crystalline materials with optical anisotropy (30; 79). In
the case of crystalline phthalocyanine thin films fabricated by pen writing technique,
molecules stack in an "edge on" configuration (80; 81). Since the transition dipoles are
oriented mostly in the plane of the molecule, PC thin films the "edge on" configuration,
have very strong optical anisotropy (30; 82). In this case, LD measurement can be a
good complimentary technique to study the crystal orientation as well as understand
the symmetry of the electronic states present.
LD signal is given as:
LD(λ) = Ax − Ay

(2.3)

Where Ax and Ay are the absorbance of horizontal linearly polarized light and vertically linearly polarized light, respectively. During LD measurement, the key components of the optical setup involve a combination of linear polarizer followed by a
Photo-elastic modulator (PEM) oriented at 45 degrees with respect to the polarizer
axis. By setting the retardation of the PEM to λ/2, the wavelength of the light
passing through the PEM is modulated into X and Y linear polarization at the 2f
frequency of 100 KHz (83). The lock-in is set accordingly to this frequency to measure
this signal. The PEM used during the LD experiments is PEM 100 with model head
I/FS50 from Hinds Instruments with intrinsic first harmonic frequency, f = 50 kHz.
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LD Absorption/Luminescence in H2 OBPc solution and thin films
Figure 2.9 shows a schematic of the LD absorption/PL measurement geometry along
with the typical molecular ordering of the thin film on the substrate. Kin refers to
the direction of incident light, Ex and Ey relate to the electric field vectors of the
incident light polarized along the x- and y- lab axes, whereas KP L refers to the luminescence collected in backscattering geometry. Absorption and LD are simultaneously
recorded in the transmission geometry. The absorbance spectrum measured in solution (see Fig. 2.9) exhibits a splitting of the peak (740 nm and 758 nm) associated
with the HOMO-LUMO bandgap (Q-band) transition that originates in the D2h symmetry of these molecules. The thin film absorbance spectrum is significantly harder
to assign since the crystalline order promotes unidirectional long range interactions
between molecules along the stacking axis, giving rise to new exciton states in the
band gap manifold (84; 85; 86; 87). Furthermore, the broadening of the bands due
to small Davydov splitting and excitonic coupling complicates the interpretation of
the observed absorbance spectrum(20; 88; 89; 90), as indicated by the band gap in
our H2 OBPc thin film which is red shifted to 870 nm. The appearance of additional
electronic states is also evident in the LD spectrum that features three shoulders in
the Q-band region. Linear dichroism, defined here as the difference in absorbance
(AX - AY ) for light polarized parallel and perpendicular to the molecular plane (30),
is observed in the thin films because the selection rules dictate that light polarized
along the stacking axis is not absorbed.
In films such as the one shown in figure 2.7, the orientation of the stacking axis
remains largely the same over the entire illuminated area (5 µm), hence the large
amount of observed LD. The same selection rules account for the large difference
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Figure 2.9: (a) Schematics of the PL/Absorption/LD experiment employed to study the
correlation between excitons and edge-on molecular ordering of H2 -Pc thin films (b) Absorption and PL emission of H2 OBPc in solution (c) Absorption and Linear Dichroism spectra
from an H2 OBPc crystalline thin film along with the x- and y- polarized components, Ix
and Iy , of the PL spectrum from a single grain at 5 K.

between the x- and y- polarized PL intensities, IX and IY , because exciton transition
dipoles oriented along the stacking axis are nominally forbidden in the "oriented gas
model" for 1D molecular chains with 2 molecules per unit cell. This model assumes
the relative orientation of the nearest neighbor molecules is similar to that of co45

planar inclined transition dipoles aggregates described by Kasha (91), and introduces
periodic boundary conditions imposed by long range crystalline order. However, this
model does not take into account the long range interactions along the stacking axis
that are expected to break down these selection rules for radiative recombination.
Absorption/LD in H2 P cOC8 thin films
Figure 2.10 shows the Absorption and linear dichroism measured for H2 P cOC8 thin
film on bilayer graphene before and after an annealing process that was used to change
the orientation for H2 P cOC8 thin films on Indium tin oxide (ITO) (81). To anneal
the thin film samples, an optical microscope (Olympus DP71) equipped with linear
polarizers was used to obtain polarized optical microscopy images (see Fig. 2.11). A
hot stage (Linkam THMSE 600) was used to increase the temperature up to 395o C
at 20 o C/min. The sample was held at 370o C for 25 minutes followed by cooling to
room temperature at 20 o C/min rate. Before annealing a highly oriented sample with
edge on configuration is present with LD = 1. In both the ITO and graphene, post
annealing changes the molecules to face on configuration, with LD = 0. The polarized
images of the samples are shown in figure 2.11 and confirm the same as no contrast
is seen after annealing and only the grain boundaries, where disorder is present is
visible.
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Figure 2.10: (a) Absorption of an H2 P cOC8 thin film on ITO before annealing and post
annealing. (b) LD of an H2 P cOC8 thin film on ITO before annealing and post annealing.(c) Absorption of an H2 P cOC8 thin film on bilayer graphene before annealing and post
annealing.(d) LD of an H2 P cOC8 thin film on bilayer graphene before annealing and post
annealing.
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Figure 2.11: Images of H2 P cOC8 thin film on ITO substrate: (a)Polarized image before
annealing, (b)bright field illumination after annealing, (c) Polarized image post annealing;
Images of H2 P cOC8 thin film on bilayer graphene substrate; (d) Polarized image before
annealing, (e)bright field illumination after annealing, (f)Polarized image post annealing.
Images acquired from Ishviene Cour
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2.3.3

Dual linear dichroism/Photoluminescence
based grain boundary exploration
(LD/PLE)

One of the most important technique to probe the excitonic radiative recombination
and relaxation dynamics is time resolved photoluminescence (TRPL) spectroscopy (6;
28; 92). PL measurements provides information about optically allowed transitions
as the energy and oscillator strength of states in the optical band gap region can be
resolved. These measurements give vital information about excited states, exciton
binding energy and exciton recombination rates as they can selectively probe electronic states at or around the band gap. TRPL experiments are also highly sensitive
to any disorder present in the system and, therefore, often limited in their usefulness because the typical grain sizes are orders of magnitude smaller than diffraction
-limited focused laser beams diameters (29; 93). As discussed earlier phthalocyanines
are promising organic semiconductor candidates that can overcome these limitations
provided large enough grain sizes can be obtained in a thin film sample. These small
molecules were recently shown to exhibit high mobilities (94; 95; 96; 97). They are a
good example of a quasi-1D electronic system where the delocalized π-orbital overlap
is highly directional, generating a specific high carrier mobility axis in the crystal.
The highly anisotropic behavior of the ordered thin films and their impact on carrier
mobility and exciton diffusion lengths has been recently established (7; 9; 17; 27).
Spatially- and Polarization -resolved PL spectra can be implemented together
with linear dichroism resulting in a dual Linear Dichroism (LD)/PL laser scanning
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microscopy experiment, specifically designed for grain boundary imaging (11). Also,
one can monitor the evolution of the spectra with temperature of the H2 OBPc molecular stacking in the thin film. The LD imaging was performed on two adjacent grains,
as shown in figure 2.12, by raster scanning a focused laser beam across the sample
surface and recording the LD signal pixel by pixel. Please see Appendix B.1 for the
schematic of the experiment.

Figure 2.12: LD/PL Microscopy: Spatially- and Polarization -resolved PL spectra are
recorded from selected locations within a 90 x 90 µm area across a grain boundary. The
PL intensity is correlated with the molecular stacking orientation as evidenced by the LD
scanning image recorded from the same area.

The linear dichroism images were recorded using a continuous wave HeNe laser as
probe beam focused on to the sample mounted inside a Oxford cryostat. The laser
beam was focused to a 5 µm spot using a 10X objective lens mounted on a positioning
stage. A piezo-elastic modulator (PEM) was placed in the beam path to modulate
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the light polarization from X- to Y- polarized at a frequency of 100 kHz (83). The
2D LD images were obtained by raster-scanning the focusing lens (11; 98). The same
alignment was used for spatially-resolved photoluminescence (PL) measurements with
the Coherent Mira 900 serving as an excitation pump, without the PEM in the beam
path (see Appendix B.1). Spatially-resolved PL was collected using the objective lens
in backscattering geometry and sent in to an Acton spectrometer coupled to a Roper
Scientific liquid nitrogen cooled CCD. Simultaneously, in order to measure the exciton
decay from PL emission in H2 OBPc crystalline thin films, TRPL was recorded using
a PicoQuant time correlated single photon counting system (TCSPC) coupled with
the spectrometer (99). Figure 2.12 shows the 5 K LD image of the crystalline thin
film along with polarization -resolved PL microscopy spectra recorded from different
locations. The PL polarization changes in tandem with the linear dichroism.
The temperature dependence of exciton recombination in crystalline H2 OBPc thin
film is summarized in figure 2.13. The evolution of the PL spectra with temperature
from 5 K to 300 K is shown. The spectrum first red shifts with increasing temperature
and it is not until approximately 180 K that we observe a large blue shift (see Fig.
2.13b and c). This evolution can be better understood by fitting the low temperature
spectra with three Gaussian features, labeled (1), (2) and (3) in figure 2.13. The X
and Y polarized components of the PL spectra for H2 OBPc were both fitted using 3
Gaussian features up to a 160 K. Above 160 K PL spectra was fitted using 2 Gaussian
features accounting for the dark exciton no longer being accessible (see Appendix B.2).
All fittings were done using Peakfit software. Least squares fitting option was used
for robust minimization during autopeak fit. The results obtained were used to extract
the polarization and intensity values for individual features. For temperatures larger
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than 180 K the spectrum is dominated by a single Gaussian feature, as illustrated in
Appendix figure B.2. This evolution clearly indicates the existence of a thermallyactivated switch that turns on the red-shifted excitonic state (feature 2) below 180 K.
For T > 180 K, the PL emission is resonant to the absorption edge, and its intensity
and polarization remain almost constant throughout the entire temperature range,
identifying it as the optically-allowed singlet exciton recombination. In contrast,
feature (2), that heavily dominates the spectrum at 5 K, exhibits a dramatic drop
in intensity with increasing temperature before disappearing rather abruptly around
180 K. Feature (3) is the least intense in the spectrum and evolves with temperature
identically to feature (2). For that reason we interpret it as a phonon/vibronic replica
of feature (2).
As mentioned earlier, a simple oriented gas model for the excitons in an 1D molecular chain with 2 molecules per unit cell (20) predicts there are two excitonic states at
the bandgap: one polarized along the stacking axis and the other perpendicular to it.
The former is optically−forbidden (dark) in this approximation while the latter is always allowed (bright). Their energies are highly dependent on the angle the molecular
plane makes with the stacking axis, which also determines whether the ground state
dipole is oriented parallel or perpendicular to the stacking axis.This model, however,
assumes there are no interactions between molecules or π orbital overlap along the
stacking axis. We hypothesize that feature (2) represents the radiative recombination
of the exciton polarized along the stacking axis, that is now optically allowed because
of intermolecular interactions along the chain.
To our knowledge, there are no theoretical predictions for exciton states that take
into account intermolecular interactions in phthalocyanine crystalline thin films. Nev-
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Figure 2.13: (a) Temperature evolution of the PL spectra of crystalline H2 OBPc film. (b)
PL spectra recorded above 150 K clearly indicates the blue shift of luminescence at 180 K.
(c) Temperature dependence of PL peak energy with temperature. (d) PL decay measured
at 5 and 300 K for features 1 and 2.

ertheless, more recent theoretical studies of Spano and co-workers (100; 101; 102; 103;
104), that investigate excitons in two dimensional aggregates with periodic boundary
conditions showed that strong exciton/vibronic coupling and intermolecular excitonic
interactions can lead to significant exciton delocalization and the formation of delocalized polarons in small molecule thin films. It is important to note that in the case
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of the Pc films investigated here, the influence of disorder and structural defects is
minimized and the aggregate size is macroscopic since we are probing a single crystalline grain. The strong temperature dependence of the PL spectra in figure 2.13a
is therefore a signature of exciton delocalization, since the luminescence behaves very
much like bulk exciton recombination with a Full Width at Half Maximum (FWHM)
increasing with temperature due to increasing presence of phonons (105). We propose that in the case of phthalocyanines this "bulk" exciton wavefunction is delocalized
along the molecular stacking axis. This two-exciton (one localized, one delocalized)
picture changes dramatically around 180 K, where a significant blue shift in the PL
spectrum (Fig. 2.13c) and recombination from a single, temperature independent
exciton are observed.
While the temperature dependence of luminescence for features (1) and (2) is
distinctly different, supporting the two exciton model, low temperature TRPL measurements of exciton lifetimes indicate the PL decay at 925 nm is characterized by a
lifetime of 0.55 ns, very similar to the singlet exciton radiative recombination lifetime
(900 nm) at the same temperature (Fig. 2.13d). This result is consistent with a
breakdown in selection rules induced by vibronic coupling, and it may also indicate
that features (1) and (2) are in fact the same exciton state that changes character as
a function of temperature. Earlier investigations of the excitonic luminescence (11) in
a similar system characterized by weaker intermolecular interactions: an H2 Pc-OC8
thin film deposited using the same pen-writing procedure. In this film, the peripherally attached eight-carbon chains lead to less π orbital overlap along the stacking
axis (106), and we expect longer lifetimes for the delocalized exciton. The results of
TRPL experiments for this film showed that the singlet exciton emission is entirely
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independent of temperature. Its energy, intensity, and linear polarization remained
constant through the entire temperature range confirming that vibronic states are not
involved in this transition. In this case, the distinctly different lifetimes supports the
model of two distinct exciton states, one of which it is associated with a delocalized
exciton polarized along the stacking axis.
The interplay between two excitonic states has been reported previously in a variety of systems, albeit with different origins. For example, in colloidal nanoparticles,
one typically observes luminescence from a "dark" ground state at low temperatures
that evolves into a blue shifted luminescence at higher temperatures, because of mixing with energetically close, bright excitons (107; 108). Our observation could be
interpreted in a similar way, however, the abruptness of the temperature switching
mechanism is not consistent with bright-dark exciton mixing; it is reminiscent of a
phase transition.
To establish the origin of the temperature-induced switching between localized and
delocalized excitons, we employed the dual Linear Dichroism (LD)/PL laser scanning
microscopy experiment, designed for grain boundary imaging to monitor the evolution with temperature of the H2 OBP c molecular stacking in the thin film. The LD
imaging was performed on two adjacent grains, as shown in figure 2.14, by raster
scanning a focused laser beam across the sample surface and recording the LD signal
pixel by pixel. As discussed earlier, LD is defined as the differential absorption of
linearly polarized light by an ordered sample and can be expressed as a function of
molecular stacking (82) as follows:
LD = (Cos2 θ)(Sin2 φ − Cos2 φ)
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(2.4)

where, angle θ is the polar angle representing the tilt of the molecular plane
normal with respect to the normal direction to the substrate (z-axis), as indicated
in figure 2.14b. The angle φ is the azimuthal angle between the molecular stacking
axis and the polarizer axis. In this experimental geometry, LD values may be either
positive or negative depending on the orientation of the stacking axis in individual
crystalline grains described by the angle φ. The data shows there is little change in
LD signal until we reach the range of the 180 K to 200 K where LD starts decreasing
dramatically. It is important to note that while the overall magnitude of the LD
drops significantly on both sides of the grain boundary, the relative orientation of the
stacking axes remains unchanged. The cos2 θ term in equation 2.4 is responsible for
this drop, suggesting the molecular tilt changes with temperature. The calculated
values of angle θ from equation 2.4, using LD values measured in figure 2.14a-d,
increases from 25o at 5 K to 65o at room temperature, while φ remains constant. We
therefore conclude that the switching of excitonic states observed above 180 K is due
to a change in molecular plane orientation relative to the stacking axis that, in turn,
is responsible for a change in π-orbital overlap.

56

89
80

(a) T = 5K

(b) T = 75K

(c) T = 200K

(d) T = 250K

70
60
50
40
30

Y(µm)

20
10
0
89
80
70
60
50
40
30
20
10
0

-0.43

10 20 30 40 50 60 70 80 89 0

10 20 30 40 50 60 70 80 89

X(µm)

-0.28

-0.13

0.02

0.17

0.32

z

(e)

θ

µ1

le
Mo

µ2

ar

cul

lec

0.77

al

rm

no

e
lan

p

x

ϕ
Mo

y

0.62

0.47

Linear Dichroism (LD)

ula

r st
ack

ing

LD ~ cos2θ (sin2ϕ− cos2 ϕ

(

0

axi
s

Figure 2.14: LD scanning microscopy images of a 90 x 90 Îźm area of an H2 OBPc thin
film recorded at 5 K, 75 K, 200 K and 250 K respectively. The area chosen for imaging is
traversed from top to bottom by a single grain boundary and the LD contrast originates
from the different orientations of stacking axes in adjacent grains different temperatures (e)
Stacking axis orientation and its relation to the LD signal.
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In the framework of the simple 1D oriented gas model of a molecular chain with
two molecules per unit cell mentioned earlier, a straight forward calculation of the
two bandgap excitons energies predicts the exciton ground state dipole is oriented
perpendicular to the stacking axis if the angle θ is larger than 54.2o . For θ values
smaller than 54.2o , the ground state dipole is oriented along the stacking axis (11; 20).
The measured values for θ fall within this model, confirming the temperature-induced
switching is a structural phase transition. The measured energy difference between
the two excitonic states (40 meV) is in agreement with the range of values predicted
by the same calculation (30 - 70 meV, depending on the angle θ). In conclusion,
our combined LD/PL microscopy of metal-free Pc thin films revealed that the lowest
excitonic singlet transition is linearly polarized, in agreement with predictions from
a simple 1D molecular chain excitonic model. At low temperatures, the PL spectrum
reveals the presence of a second, red-shifted exciton state that is delocalized along
the stacking axis of the thin films. A temperature-induced change of molecular tilt
with respect to the stacking axis acts like an on-off switch for the delocalized exciton
state. From a broader perspective, the presence of a delocalized extended excitonic
state is important for many applications such as photovoltaics and merits further
exploration. The macroscopic grain sizes present in solution processed films and the
added chemical design flexibility of the substituted molecules enabled us to show
this exciton state could be potentially tailored through control of molecular packing.
The simultaneous observation of two different exciton states at low temperatures also
opens the opportunity for a direct comparison of their diffusion lengths, an essential
parameter for photovoltaic applications.
While phthalocyanines represent a good test system for such investigations be-
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cause they are resistant to oxidation and retain a high yield of excitonic recombination in crystalline films, the studies reported here open an avenue for the exploration of electronic correlations that span several lattice sites in other crystalline small
molecule semiconductors. For example, there has been tremendous success in fabricating single-crystal thin film OFETs structures from soluble substituted pentacene
(19; 5) and crystalline thin films of tetra-phenyl porphyrin (H2 TPP) and Octabutoxy naphthalocyanines with grain sizes similar to figure 2.8 were fabricated using
pen writing technique by our research group as well. A systematic study of the effect of the porphyrin molecule size on optical and excitonic properties is underway
and shows significant difference in excitonic character and extent of delocalization in
these systems. The possibility of observing and controlling the intermolecular phenomena in ordered systems through molecular design, combined with rapid feedback
optical spectroscopy techniques, can be an effective solution for tailoring optical and
electronic properties of these organic semiconductors.
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2.4
2.4.1

Magnetic Circular Dichroism(MCD)
Theory

Magnetic Circular Dichroism (MCD) spectroscopy measures the difference in absorbance for left (σ-) circularly polarized light (LCP) and right (σ+) circularly polarized light (RCP) (78; 109; 110), induced in a sample due to applied magnetic field
in Faraday geometry, which is proportional to the net total angular momentum of
electrons. Mathematically, MCD (∆A) is given as:
∆A = Aσ− − Aσ+

(2.5)

where, Aσ− and Aσ+ are the absorbance of LCP and RCP light, respectively. Unlike
Circular Dichroism (CD) spectroscopy which is observed for chiral molecules, MCD
arises due to the selective interaction between circularly polarized light and a net
magnetization (i.e. electron orbital angular momentum) and circularly polarized light,
and is a universal property for all materials. The MCD signal arises from the same
transitions as in the absorption spectrum, however, different selection rules dictate
which transitions are allowed and which are forbidden (∆l= +/- 1 selection rule
applies to MCD active transitions). In the presence of spin orbit coupling (SOC),
MCD is proportional to the total angular momentum and therefore is a measure
of electron spin polarization (50). In the case of phthalocyanines, the strength of
exchange mechanisms between the probed, spectrally resolved, individual electronic
states and any localized d-shell ions can be inferred from this net polarization.
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MCD essentially probes the magnetic perturbations due to the Zeeman effect and
hence ∆A is proportional to applied magnetic field, while we observe the transitions
between the Zeeman split ground states and excited states (111; 112). MCD intensity
for a transition from a ground state A to an excited state J is expressed as:
∆A
∂f (E)
C0
= γµB B[A1 (−
) + (B0 +
)f (E)]
E
∂E
kB T

(2.6)

where, the A1 , B0 and C0 parameters are known as the MCD Faraday terms, µB is
the Bohr magneton, B is applied magnetic field, γ is a constant depending mainly on
concentration and path length, KB is the Boltzmann constant, T is the temperature,
f(E) is the absorption band shape and (∂f(E)/∂ E) is its first derivative. Again, it
is important to note from Equation 2.6 that, MCD intensity increases linearly with
increasing magnetic field, while only the C term intensity is temperature dependent
and inversely proportional in the linear limit where kB T » g µB B.
Essentially, either a degenerate ground state or excited state is required for a
system to exhibit A term intensity, whereas C terms require a degenerate ground
state. Figure 2.15 illustrates the A term and C term mechanisms for a molecule having
an angular momentum of J = 1/2 in the ground states A and excited states J. In the
absence of a magnetic field no observed MCD intensity is seen. At higher temperatures
(kB T » g µB B), in the presence of an applied magnetic field the degeneracies of
the ground and excited states are lifted, such that, the allowed transitions give a
temperature independent MCD derivative shaped A term. As the temperature is
lowered (kB T ∼ g µB B), the lowest energy sub-level (J=-1/2) of the ground state
will become more populated than the higher energy sub-level (J=1/2), resulting in
an intense MCD transition with a gaussian band shape known as the C term. The
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(c)

Figure 2.15: MCD mechanism for a molecule with momentum, J=1/2 in the ground and
excited states. (a) derivative shaped A-term and its components when kB T » g µB B. (b)
Absorption shaped C-term and its component when kB T ∼ g µB B. (c) The selection rules
for transitions of RCP and LCP light between the degenerate ground and excited states split
by a magnetic field is shown at the bottom. (Adapted from Solomon)

contribution from B terms arise from magnetic field induced mixing between the
ground state and excited states with an intermediate state, which requires them to
be close in energy and this B term is also a temperature independent and Gaussian
shaped band. All these three A, B, and C terms may contribute to the MCD intensity
for a organometallic materials, however, the C term dominates at low temperatures.
That is the reason, a Gaussian fitting usually works very well in the case of crystalline
organometallics as the derivative shaped A bands are also broadened due to significant
orbital overlap and phonon coupling (21; 49; 78; 110).
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The Magnetization behavior of an ideal paramagnet is of the form:
M = N gµB J · BJ (y)

(2.7)

where N is the number of atoms per unit volume, g is g-factor, J is either the spin,
orbital or total angular momentum and where BJ (y) is the Brillouin function:
BJ (y) =

2J + 1
2J + 1
1
1
coth(
y) −
coth( y)
2J
2J
2J
2J

(2.8)

and y is defined as:
y=

gµB JB
kB T

(2.9)

In the case of very low temperatures and high magnetic fields, when the Zeeman
splitting is much larger than kB T, as is the case of C terms, differential absorption
(MCD) is usually given by the expression:
(

∆A
gµB B
)sat0 d = γ∆αf (E)tanh(
)
E
2kT

(2.10)

The equation 2.10 above is similar to the Brillouin function in equation 2.7 and hence
we often see fitting of the MCD intensity evolution with magnetic field for paramagnetic systems (111; 112). Figure 2.16 shows the typical Brillouin function evolution
with different total orbital momentum J=1/2 to 5/2. Note that, this assumes the g
factor for a system of free electron (non-interacting spins) i.e. g=2. However, this is
not the case when one tries to explore a system of spins interacting either directly or
through an intermediary exchange mechanism. If we know the total angular momentum of the states involved in the transition, one can modify the g factor to fit the
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function to predict the ground state (113; 114).
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Figure 2.16: (a) Brillouin function fitting for a J=1/2 to J=5/2 state with g=2 at 2 K

As ground states are generally orbitally non-degenerate, the ground state degeneracy required for C term intensity usually involves unpaired spins. Due to the selection
rules for the MCD transitions, a nonzero C term is a result of spin degeneracy due
to SOC. Also, orbitally doubly degenerate excited states having orbital angular momentum can couple to the d spins and produce a splitting of the excited states. A
temperature-dependent pseudo A term will then be produced and can quantify the
excited state SOC. It is important to note that, MCD is not an alternate technique
to a thermodynamic magnetization measurement, but a complementary one since in
the case of organometallic semiconductors, it directly accesses the origins of exchange
indicating which delocalized electronic states are mediating the interaction between
d-shell ions. In the case of MPcs, the hybridization of the d orbitals and the ligand
orbitals can vary depending on the symmetry of the orbitals with unpaired spins, the
ground state spin which changes with the metal ion and the relative energies associ64

ated with the band gap transitions. So most often, the orbital momentum is quenched
and not a good quantum number and moreover, it is not easy to predict the total
angular momentum for the states involved in the transitions. However, the spectrally
resolved, individual electronic states and any localized d-shell spins interacting with
them can be identified and the strength of this interaction can be inferred from the
resulting net polarization. One can consider an effective g factor from the sp-d model
from the initial slope of the Zeeman splitting and good estimation of the exchange
interaction can be made (11; 48; 113; 114).
Similar to the case of Diluted magnetic semiconductors (DMSs), the effect on
Zeeman splittings as a result of exchange interactions present in the MPc thin films
can be extracted from MCD spectral evolution using an effective g-factor. In the
case when Zeeman splitting (∆Ez) is small compared to the Gaussian width of the
absorption, the Zeeman splitting energy of the states can be expressed as a function
of magnetic field as follows:
∆Ez = −2 · σ · ∆Amax /Amax

(2.11)

where, σ is the Gaussian fullwidth at half maximum (FWHM), Amax is the maximum
absorbance at ∆Amax which is the peak MCD signal of this feature (113; 114). Zeeman
splitting with magnetic field in the low field regime can also be expressed as:
∆Ez = gef f µB B

(2.12)

where, gef f is an effective g-factor proportional to the exchange integral, µB is the
Bohr magneton and B is the applied magnetic field. The strength of this σπ − d
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exchange can be therefore obtained from equating 2.11 with 2.12. Fitting the slope
of the evolution of Zeeman splitting with magnetic field for a particular state gives
us the gef f for the electrons involved in the excitonic transitions.
It should be clearly evident by now that, MCD is powerful quantum tool to study
exchange interactions in organometallic semiconductors as the MCD signal and line
shape of the transitions at the band gap of Organic magnetic semiconductors (OMS)
can reveal the nature of magnetic exchange interaction in the bad gap states. Unlike
SQUID measurements, that measure an ensemble averaged magnetic moment, the
MCD measurements resolve the individual roles of different electronic states within
the bandgap manifold in mediating the magnetic exchange between unpaired d-shell
electrons of the metal ions. When applied to 3-d transition metal phthalocyanines,
MCD helps not only to elucidate the states in the valence band manifold but also
identifies the ligand electronic states involved in exchange interaction, as a sign of non
linear magnetic field and strong temperature dependence in these states is a result of
interaction of the ligand electrons of the phthalocyanines with unpaired d electrons
of the metal.

2.4.2

MCD Experimental Setup

The sample was mounted in the Faraday geometry inside a 5 T superconducting
Oxford Microstat MO magnet especially designed for large optical throughput and
precise beam control (see fig. 2.17). The 50 Watt output of a Tungsten-Halogen
lamp was dispersed with a fixed bandwidth of 1 nm using a monochromator and
mechanically chopped at 267 Hz to measure the overall transmittance signal using
lock-in techniques. At the same time the same beam was modulated into left or
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right circularly polarized light using a linear polarizer and a piezo-elastic modulator
(PEM) at a frequency of 50 kHz set to quarter wave retardation (11; 83). The
circularly polarized light was then focused on to the sample and the transmitted
signal was collected by either a silicon photo-diode in the visible range(400-900 nm)
or the InGaAs detector was used for measurements beyond 1 micron connected to
two lock-in amplifiers.
A Labview program was used for automation and control of the monochromator
and PEM and in a typical scan where the wavelength was tuned from 400 nm up to
1350 nm. The signal was further conditioned using two pre-amplifiers which helps
in noise reduction and amplification of the Vac (50 kHz) and Vdc (267 Hz) signals.
This technique allows MCD signal (∆A = Vac /Vdc ) and corresponding absorbance
(A) to be measured simultaneously and gives an excellent signal to noise ratio for
sensitive measurements of changes in polarization of light. The PEM used during the
experiments was the same PEM 100 with model head I/FS50 from Hinds Instruments
as the one used in LD measurements. The same principle of the experimental setup
was used and implemented in a 10 T Oxford superconducting magnet (Spectromag)
and the 25 T Split-Florida Helix magnet.

2.4.3

MCD of H2OBPc thin film

In the case of metal free octabutoxy (H2 OBPc), unidirectional long range interactions
due to extended π−π orbital overlap and phonon coupling leads to a broadening of the
electronic states in the band gap region. The interactions between molecules along the
stacking axis, gives rise to new exciton states (875 nm) in the band gap manifold as
was evident from the thin film absorption. The bands appear broad due to Davydov
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Figure 2.17: B = 5 T and T = 5 K high optical throughput MCD experimental setup at
the University of Vermont that uses the Oxford Instruments Microstat MO continuous flow
superconducting magnet.

splitting and excitonic coupling (20; 90) which complicates the interpretation of the
observed absorbance and MCD spectrum and hence a fitting is required to isolate
the contribution of the individual band gap states in the Q band manifold. Figure
2.18 shows the Q band MCD/absorbance spectral fitting results assuming Gaussian
shaped bands for the case of H2 OBPc crystalline thin films at 10 K. As expected,
the absence of any unpaired spin results in only linear evolution of these states with
applied magnetic field (see fig. 2.18d). More importantly, the determination of these
states will help us when we further explore exchange interactions in the metal species
and try tuning of these exchange interactions.
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Figure 2.18: (a) 10 K MCD evolution for H2 OBPc thin film with applied magnetic field up
to 10 T (b) Absorption of the H2 OBPc thin film (c) MCD/ABS fitting of 5 T spectra for
metal free H2 OBPc using Gaussian functions. (d) MCD evolution of states with applied
magnetic field for H2 OBPc (values from fitting results).

2.4.4

Exchange in copper octabutoxy phthalocyanines revisited

Introduction
A comprehensive study of exchange interactions in MOBPcs must necessarily start
with copper phthalocyanine (CuPc), the most studied and best understood member
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of this family in terms of its electronic and magnetic properties (12; 25; 115; 116;
117). The d9 configuration of the Cu2+ ion results in a single unpaired electron spin
located in a 3dx2 −y2 or b1g orbital. Theoretical studies predict that this spin engages
in a Coulomb-like indirect exchange interaction with the delocalized π-electrons of the
ligand, resulting in a collective anti-ferromagnetic (α-phase) or weakly ferromagnetic
(β-phase) ordering at low temperatures in crystalline thin films (12; 26; 44).
The origins of indirect spin exchange in crystalline thin films of Copper Octabutoxy Phthalocyanine (CuOBPc) were investigated using Magnetic Circular Dichroism
(MCD) spectroscopy by Pan (11; 118). This study was made possible by fabrication
of macroscopically ordered crystalline thin films of purified CuOBPc (see section 2.1),
which was the first MOBPc purified during this research project. Highly ordered films
with macroscopic grain sizes suitable for optical studies were made possible.
It was shown that non paired Cu ion spin polarizes the delocalized electrons at
the eg states through Coulomb interactions. Also, at the same time, the Cu spin also
polarizes electrons at the eu states also by Coulomb interaction. During this research
project, a new robust Gaussian fitting code was developed and utilized for refinement
in the results. The new fittings and conclusions are presented below.
MCD of Solution-Processed CuOBPc Thin Films
A typical polarized microscope image of the resulting CuOBPc film is shown in figure
2.19a inset where the scale bar is 200 µm. The image contrast originates in the different orientation of the crystalline axes in neighboring grains. In crystalline CuOBPc,
molecules pack tightly along a particular direction further referred to as the stacking
axis (119). Selection rules dictate that light polarized along this axis is not absorbed
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Figure 2.19: (a) MCD spectra of CuOBPc molecules in toluene solution measured at B =
1 T and T = 300 K (red curve) and a Cu-OBPc polycrystalline thin film recorded at B =
10 T and T = 0.4 K (black curve)Inset (right): Polarized microscope image of the CuOBPc
thin film; scale bar = 200 µm Inset (left): experimental geometry showing the stacking axis
is perpendicular to the ~k-vector of incident, right (σ + ) or left (σ − ) circularly polarized light
~ (b) Absorption spectra of CuOBPc molecules in toluene
in the Faraday geometry (~k k B)
solution (red curve) and a CuOBPc polycrystalline thin film (black curve) recorded in the
Q-band spectral region. Inset: CuOBPc molecule. (Adapted from Pan)

(20), giving rise to the dark central region of the inset image, where the stacking axis
happens to be oriented parallel to the microscope polarizer axis. At this point, it is
important to note that the high mobility axis also coincides with the stacking axis
and all significant orbital overlap and long range interactions between neighboring
molecules happen along this same axis. For this reason phthalocyanines are often
referred to as quasi-1D systems.
In these crystalline thin films, the molecules stack edge-on with their stacking axis
parallel to the substrate. The inset in figure 2.19a also illustrates the orientation of
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the magnetic field with respect to the stacking axis and the incident light. Figure
2.19a shows a typical MCD spectrum of the CuOBPc Q-band region in solution (red
curve) and crystalline thin film (black curve) while figure 2.19b displays the respective
absorption spectra. For the thin film, the measurement was carried out at 10 Tesla
(T) and 0.4 Kelvin (K), whereas the solution MCD was measured at 1 T and room
temperature using an electromagnet and scaled in intensity for a direct comparison.
In the solution spectrum, we can easily identify and assign three MCD-active Q band
transitions based on well-known results available in literature (120; 121; 122). Q00 at
736 nm corresponds to π-π ∗ (a1u to eg ) transition at the HOMO-LUMO gap and is
polarized in the plane of the molecule. Q10 at 696 nm is the contribution of vibrational
overtones and Q20 located at 658 nm can be assigned as a transition from lower lying
σ states in the valence band manifold (eu (σ) → eg (π ∗ )), polarized perpendicular to
the molecular plane and vibronically coupled to Q00 (123). Absorption spectrum of
the CuOBPc thin films is significantly broadened compared to that of the solution
due to the Davydov splitting and excitonic coupling in the crystalline phase that leads
to more complex band structure (20; 90). The most striking feature of the thin film
MCD spectrum is the significant increase in the MCD magnitude in the Q20 spectral
region. The π orbital overlap and the phonon coupling leads to a degeneracy lifting
of the electronic states, resulting in a manifold of MCD-active states in that spectral
region. An extensive discussion of MCD spectral fitting and the assignment of these
states is included in the next section

72

MCD Signatures of Low Temperature Magnetic Ordering in CuOBPc
MCD and Absorption measurements were carried out with the sample mounted in the
10 T Oxford superconducting magnet (Spectromag) at the National High Magnetic
Field Laboratory (NHMFL) equipped with a He3 insert for reaching sub-kelvin sample
temperatures. The quasi -monochromatic output (bandwidth = 2 nm) of an Oriel
1/4 meter monochromator equipped with a 300 Watt xenon lamp was modulated
into left and right circularly polarized light using a PEM as discussed earlier. The
cryostat probe allowed for varying the sample temperature from 0.4 K to 80 K. For
temperatures larger than 100 K, we reproduced the experiment in the 25 T SplitFlorida Helix magnet at NHMFL equipped with a nitrogen cooled custom sample
holder.
Figure 2.20a displays a series of MCD spectra recorded in a CuOBPc thin film
at 0.4 K for different magnetic fields ranging from 0.1 T to 10 T. While the spectra
contains contributions from all the states in the bandgap manifold, only the MCD
associated with the eu (σ) to eg (π ∗ ) transitions (marked with blue arrows in the figure)
evolves with magnetic field and temperature in a non-trivial way. The MCD intensity recorded during a magnetic field sweep at 648 nm (the wavelength corresponding
to the largest MCD signal in the aforementioned spectral region) displays a marked
non-linear evolution with magnetic field (see Fig. 2.20a inset) indicative of a net spin
polarization. The temperature evolution of the B = 10 T MCD spectrum presented
in figure 2.20b confirms the distinctly singular evolution of the 648 nm feature. The
contribution to the MCD spectrum from this state blue shifts and decreases in intensity with increasing temperature, in contrast with the rest of the spectrum which is
weakly temperature dependent, with only a small decrease between 0.4 K and 5 K
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Figure 2.20: (a) MCD spectra of CuOBPc polycrystalline thin film recorded at T = 0.4 K
and varying magnetic fields up to 10 T. Inset: MCD vs. B recorded at λ = 648 nm during a
magnetic field ramp (b) MCD spectra from the same film recorded at B = 10 T and varying
temperatures up to 70 K. (Adapted from Pan)

and is not spectrally shifted.
In order to confirm the distinct evolution of the 648 nm contribution with magnetic
field, the MCD values extracted from the spectra in figure 2.20 were plotted as a
function of magnetic field at different temperatures in figure 2.21a. MCD values
from the 1.5 K spectrum of a non-magnetic ZnOBPc thin film were also included
for comparison. The 100 K and 300 K MCD vs. B field sweeps were recorded using
an exact replica of the MCD setup that was re-built in cell 5 of the National High
Magnetic Field Laboratory (NHMFL) for the 25 T Split-Florida Helix magnet (118).
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At high temperatures, the MCD vs. B curve is strictly linear, a signature of the
expected, large diamagnetic, contribution to the MCD spectra, universally present
in organic systems where orbital momentum quenching is less effective (21; 49; 124).
At lower temperatures (see Fig. 2.21a), the 648 nm MCD in CuOBPc increases at
a much steeper slope, an indication of the onset of exchange interaction between the
d-shell unpaired spin of Cu2+ and the delocalized bandgap electrons spins. This type
of behavior has been previously observed for electrons in DMSs (e.g. CdSe and ZnSe)
doped with magnetic d-shell ions, in particular Mn, Fe or Cr (114; 125; 126; 127; 128).
In that case the MCD vs. B curve followed a Brillouin-like function, saturating at
high fields where all d-shell spins are aligned with the applied magnetic field. In the
case of CuOBPc the MCD never saturates but rather continues to increase linearly
with magnetic field at a slope identical to the diamagnetic contribution. In contrast,
the MCD of ZnOBPc at 1.5 K is almost identical to that of CuOBPc at 70 K. Since
the two molecules have identical ligands and their valence band density of states is
virtually identical, as evidenced by electron energy-loss spectroscopy (41), it is not
surprising that the diamagnetic behavior is identical for the two films. It is also very
strong evidence that in the case of CuOBPc, the Brillouin -like behavior superimposed
on the diamagnetism is not originating from the ligand states alone, but rather from
the exchange between the d-shell localized states and the ligand, delocalized π electrons. In fact, low temperature MCD studies on isolated CuPc molecules in an
argon matrix (123) show a temperature independent, entirely different behavior for
all the three transitions identified in the single molecule spectrum in figure 2.19a. The
temperature dependent MCD evolution implies that an exchange mechanism between
d-shell and π electrons is also present.
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Figure 2.21: (a) MCD (λ = 648 nm) evolution with increasing magnetic field in CuOBPc
and ZnOBPc at various temperatures ranging from 0.4 K to 300 K. For temperatures larger
than 70 K MCD was measured in a continuous field sweep from 0 T to 25 T Split-Florida
Helix magnet. (b) Evolution of the λ = 648 nm MCD with temperature for CuOBPc

The temperature dependence in figure 2.20b is consistent with previous SQUID
magnetization studies in the unsubstituted CuPc molecule (12). Figure 2.21b summarizes the evolution of the maximum MCD associated with this eu (σ) → eg (π ∗ )
transition and the corresponding peak energy as a function of temperature at B =
10 T. Since the MCD vs. T curve in our experiment can be interpreted similarly
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to the temperature dependence of a magnetic susceptibility, the initial increase in
MCD from 0.4 K to 1.5 K, followed by a sharp decay is attributed to the antiferromagnetic coupling below 2 K. The MCD peak energy (marked with an arrow in Fig.
2.20b) blueshifts with temperature, remaining constant for T > 50 K. This is the very
same temperature where the MCD spectra become temperature-independent similar
to those of a diamagnetic system (for 100 K and 300K MCD from this sample refer to
Pan (118)). It is also important to note that, the high energy side of the low magnetic
field MCD spectrum switches from a derivative-like shape characteristic for degenerate ground states to a Gaussian-like shape associated with a non-degenerate state at
the same temperature. We can therefore conclude that the spin-orbit coupling turns
on below 50 K for this particular state in the valence band manifold, enabling the
onset of ordering of Cu spins through an indirect exchange mechanism around the
same temperature.
σπ − d Exchange Interaction and enhanced effective g - factors
The results of the MCD experiments presented so far, clearly point towards the existence of an indirect exchange mechanism between the localized d-shell ions, mediated
by the delocalized π electrons in the crystal, an organic analogue of the RKKY interaction where the σπ − d exchange plays the role of the sp-d interaction. It also
identifies the specific electronic state within the bandgap manifold that is participating in this exchange. A quantitative estimation for the strength of this σπ − d
exchange can be therefore obtained from the evolution of the Zeeman splitting with
applied magnetic field, as measured in MCD experiments (113; 48; 114). In a straight
forward interpretation of the original molecular field model for the sp-d exchange, the
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Hamiltonian will now take the form:
~Cu i
Hex = S~e hS

X

~
J σπ−d (~r − R)

(2.13)

~
R

~Cu i is the thermal average of the Cu
where S~e is the delocalized electron spin, hS
~ are
ion spin, J σπ−d is the electron-ion exchange coupling constant and, ~r and R
coordinates of the delocalized electron and Cu2+ ion respectively. As mentioned
earlier, in a perfect analogy to the DMS case, this will lead to a non-linear evolution of
the delocalized electron Zeeman splitting with magnetic field which can be expressed
as:
∆Ez = gef f µB B

(2.14)

where, gef f is an effective g-factor proportional to the exchange integral and the total
magnetic ion spin, µB is the Bohr magneton and B is the applied magnetic field. In
II-Mn-VI DMSs, these effective g-factors for both electrons and holes are readily extracted from MCD or magneto-photoluminescence experiments that measure exciton
Zeeman splittings at low temperatures and high magnetic fields, and reach values as
large as 100. Their sign is negative or positive depending on the ferromagnetic or
antiferromagnetic nature of the sp-d exchange.
Finding the effective g-factor of the delocalized electrons in CuOBPc requires
isolating the contributions of each MCD active state through a spectral fitting procedure, due to the broad spectral lineshapes. The fitting procedure and assignment of
states employed here relies on previous solid state MCD experiments of Hollebone and
Dunford (90; 120; 121; 122; 123) on thin film phthalocyanines, extensive literature
about the nature and symmetries of molecular orbitals for the single CuPc molecule
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Figure 2.22: (a) 10 T CuOBPc MCD spectra gaussian fittings at 0.4 K. (b) 1 T CuOBPc
MCD spectra gaussian fittings at 0.4 K

and an assumption that the degeneracies of certain molecular orbitals will be lifted in
the crystal as a result of Jahn Teller effect and long range interactions present along
the stacking axis. The three Q-band transition identified in the solution spectrum in
figure 2.19 evolve into a seven-states manifold in the crystalline thin film. Contributions from these states to the MCD spectra are labeled 1 through 7 and color coded
in figure 2.22.
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By comparing the high B-field spectra recorded at T = 300 K (118), and the T =
0.4 K (Fig. 2.22a), we can assign features 5 and 6 to the two HOMO-LUMO bandgap
a1u (π) → e2g (π ∗ ) (Q00 ) transitions. Similarly, features 2 and 3 represent the nominally
forbidden eg (π) → e1g (π ∗ ) (Q10 ) that are present in the MCD spectra because of the
phonon coupling between the a1u and eg valence band states. Features 7 and 4 are
phonon replicas of Q00 and Q10 respectively. Finally, feature 1 is associated with the
optically allowed e1u (σ) → e2g (π ∗ ) (formerly Q20 ) polarized along the stacking axis. In
the low magnetic field regime (see B = 1 T fitting in Fig. 2.22b), the Q20 region of the
spectrum contains both negative and positive contributions, represented by the two
red Gaussian. The disappearance of the higher energy (negative MCD) contribution
in high magnetic fields is the typical signature of a Zeeman-split degenerate ground
state where the higher energy spin state is gradually depopulated as the magnetic
field increases. All other features simply decrease in intensity without suffering any
major line shape changes throughout the entire magnetic field range.
Figure 2.24a shows the magnetic field evolution of all the fitted transitions at 0.4 K
as well as the 70 K fitted MCD data for feature 1. The distinct, Brillouin-like behavior
of feature 1 that dominates the MCD spectrum at 0.4 K and the saturation of MCD
for B > 2 T is now unambiguously resolved from the diamagnetic contributions of
nearby states. The other features also display small deviations from the diamagnetic
linear behavior in the small B-field regimes that most likely originate from the phononassisted mixing of a1u (π), e1g (π) and e1u (σ) states in the valence band manifold.
Quantitative information about the exchange can be extracted from MCD experiments through the effective g-factor mentioned earlier. In this case, the Zeeman
splitting of the e1u (σ) state is extracted from the fitted MCD lineshape of feature 1
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and the corresponding fitted absorbance spectrum (see Fig. 2.23), taking into account
that the fullwidth at half maximum (FWHM) is larger than the Zeeman splitting,
the latter is given by:
∆Ez = −2 · σ · ∆Amax /Amax

(2.15)

where, σ is the feature 1 Gaussian FWHM, Amax is the maximum absorbance at
∆Amax which is the peak MCD signal of this feature (114; 113). Because MCD
measures the change in angular momentum associated with an electronic transition
(i. e. the formation of an exciton), the measured effective g-factor represents the sum
of the g-factors for the initial and final states involved in this transition (i. e. the
exciton g-factor). In most organic molecules, electron g-factors are typically equal
to -2 for all orbitals. This is still the case for the eg (π ∗ ) conduction band states in
CuPc since the unpaired Cu2+ spin is expected to exclusively interact with states in
the valence band manifold. Any observed enhancement in the measured g-factors will
therefore be the result of exchange interactions with the valence band states.
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Figure 2.23: (a) Absorption fitting of CuOBPc polycrystalline thin film
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In figure 2.24b, the evolution of this Zeeman splitting with magnetic field is plotted
for the feature 1. An effective g-factor of -6 is extracted from the low magnetic field
slope, which results in a -4 valence band electron g-factor. While this enhancement
is not as spectacular as the one observed in inorganic DMSs, it is consistent with
the relatively low (< 2 K) magnetic ordering temperatures measured in CuPc. More
importantly, it holds great promise for future studies of other species such as CoPc
and MnPc, where magnetization studies already indicate the presence of a much more
robust magnetic order and ferromagnetism.
A visual representation of the exchange mechanism between the delocalized ligand
orbitals and energetically close unpaired d-shell electron spin, as it is emerges from
the low MCD findings reported in this paper is presented in figure 2.25. In the absence of a full-fledged bandgap structure calculation for CuOBPc, this representation
employs the orbital symmetry notations for electronic states of single molecules with
the assumption that long range intermolecular interactions along the stacking axis
and crystal symmetry will mix the states located energetically close to the HOMO
level. The σ(π) − d exchange will predominately involve the former e1u (σ) orbitals of
the ligand that are now mixed with the π states and delocalized over distances larger
than the nearest neighbor distance between the unpaired Cu spin located on the b1g
d- orbital. Theoretical predictions by Wu et al. (26; 42), that also rely on the molecular orbitals picture of the electronic states, point towards the e1g (π) orbital in the
valence band as the state mediating the exchange mechanism. The evolution of MCD
with magnetic field for each of these states, indicates, however, that the mechanism
also involves the e1u (σ) orbitals which most likely hybridize with the π states in the
crystalline phase. Most importantly it indicates that one can take advantage of the
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Figure 2.25: Schematic representation of the indirect exchange mechanism in CuOBPc. The
Cu ion spins polarize delocalized electron in the eg /eu states through Coulomb interaction.
In turn these electrons align the nearest neighbor Cu spin antiferromagnetically. The solid
arrows mark allowed transitions while dashed arrows indicate optically/symmetry forbidden
transitions (adapted from Pan)

large transition dipole of the optically -allowed eu (σ) → eg (π ∗ ) transition to optically
create spin polarized electrons.
In conclusion, the evolution of MCD -active states identified in the bandgap region
of the visible spectrum was monitored as a function of temperature and magnetic field
using a spectra fitting routine. One of these states, originating in the σ orbitals of the
lone nitrogen pair of the Pc ring bears the Brillouin-like signature of spin exchange
with the magnetically coupled d-shell unpaired Cu spin system. In analogy to the
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DMS molecular-field model of a temperature and magnetic field dependent electron
g-factor, the strength of the exchange mechanism between the delocalized ligand
electrons and the d-shell localized spins is reflected in an enhanced g-factor of -4 at
low temperatures for electrons occupying a specific ligand orbital. This study directly
and unambiguously identifies the delocalized electron state responsible for mediating
the indirect exchange mechanism that couples the Cu spins at low temperatures.
From a broader perspective, these measurements constitute an interdisciplinary
approach to probing magnetism in organic semiconductors that bridges quantum
chemistry to condensed matter physics. Small molecule semiconductors such as the
CuOBPc investigated here belong to an interesting intermediate regime where electrons are neither completely localized nor quasi-free and a hybrid model that accounts
for longer range interactions and the role played by phonon coupling in the organic
crystalline phase is perhaps necessary to fully describe all aspects of electronic and
magnetic behavior. Many of these interesting phenomena were previously hidden by
the overwhelming defects and disorder traditionally omnipresent in organic thin films.
This problem is now circumvented by a whole new range of deposition techniques that
improve the long range ordering in films to a large degree. The studies presented will
be employed as a feedback tool for designing and controlling this exchange interaction between conduction electrons and magnetic ion spins in the 3-d transition metal
phthalocyanines, which, in turn, could potentially lead to an organic spin injector
material with realistic potential for a practical device, such as a spin valve.
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Chapter 3
Exchange interactions in Cobalt
obpc and Manganese obpc thin films
This chapter explores in detail, the spin-dependent exchange interactions between
d-shell localized spins and delocalized π-electrons and its manifestation in magnetic
circular dichroism spectroscopy for macroscopically ordered crystalline thin films of
Cobalt octabutoxy phthalocyanine and Manganese octabutoxy phthalocyanine. An
extensive review of the previous work by researchers, relevant to the experimental
results, is presented as well.

3.1

Exchange in cobalt octabutoxy phthalocyanines

Cobalt Phthalocyanine (CoPc) has been investigated recurrently since the late 1950’s
with a lot of interest generated in the last couple of years due to theoretical predic-
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tions of possible room temperature magnetic ordering (34; 35). CoPc is expected
to have a low spin (S = 1/2) state resulting from an unpaired electron in the 3d7
configuration. Considering different possible ground states, the single unpaired spin
can reside mainly in either the dz2 (a1g ) orbital or the dxz,yz (eg ) orbitals (129; 130;
131). A transition to a higher dx2 −y2 orbital, would require energies of several eV,
and is usually therefore never considered. The ground state of square planar β phase
cobalt in D4h symmetry was studied by Griffith and Mitra by referencing ESR investigations and paramagnetic susceptibilities (132; 133), and it was determined that
the spin lies in the dz2 orbital (see Fig. 3.1a). Experimental spin and charge densities
on β phase polymorphic crystals investigated by Reynolds (131) and also showed the
ground state spin to reside in the dz2 orbital. Experiments on α phase crystals (134;
135) suggested weaker interaction between cobalt and delocalized electrons than β
phase CoPc. X-ray magnetic circular dichroism (XMCD) results (58) recently showed
the presence Co 3d spin polarized states, and this was expressed as a superposition
of the Co d7 and d8 configurations and there were again indications that the nitrogen
atoms may have a role in the magnetic coupling between CoPc and the metallic film
on substrate. Recent studies on Cob(II)alamin (Co2+ Cbl) showed that the unpaired
electron can delocalize over several Co 3d orbitals and there exists a strong mixing
between the 3d orbitals (136).
The interaction of CoPc with substrates can vary and often leads to a reduction in the magnetic moment due to strong orbital quenching for a dz2 ground state.
However, the interaction of CoPc with magnetic substrates has also revealed some
exciting Kondo-like behavior and superexchange in these molecules (55). Spin transport across single CoPc molecules adsorbed on magnetic substrates was investigated

89

(a)

dx2

b1g

-y2

dz2

a1g

dxz,yz

eg

dxy

b2g

(b)

direct
exchange

hopping

dz2

eg

M’

dz2

Pc

M’’

CoPc Superexchange Coupling
Figure 3.1: (a) Possible ground state spin ordering in CoPc d orbitals (b) Antiferromagnetic
ordering due to superexchange mechanisms involving the filled eg state of the phthalocyanine
molecule and d2z orbital of the Co ion(adapted from Xi Chen).

(137) and it was shown to lead to ferromagnetic (FM) exchange interaction. The
states at the Fermi energy were dominated by contributions from two cobalt dxz,yz
and dz2 states of CoPc. Superexchange mechanism in CoPc multilayers on Pd islands was also studied by a low temperature scanning tunneling microscopy and the
molecules were seen forming a one dimensional antiferromagnetic (AFM) chain (55).
Inelastic electron tunneling spectroscopy results gave a spin flip energy of 18 meV
which corresponds to an AFM exchange (J/KB ) of 105 K. The molecular orbital with
dxz,yz like symmetry was shown to mediate this superexchange interaction between
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molecules. The superexchange interaction resulting in magnetic ordering of Co ions
is understood to occur when an electron of the eg orbital of phthalocyanine ring hops
to the dz2 orbital of a Co ion and the remaining unpaired electron on the eg orbital
enters into a direct exchange with the dz2 orbital of another Co ion (55) (see Fig.
3.1b).
Further investigations of CoPc on other surfaces such as metallic cobalt showed
that a hybridization between the Co surface atoms and nitrogen atoms and between
Co surface and Co atom of CoPc is present. Again, the interesting result was that,
only the dxz,yz , and dz2 are present at the vicinity of the Fermi level and are the only
orbitals that interact with the substrate (56). More recently theoretical calculations
predict strong AFM couplings for the α phase CoPc, as opposed to the β phase
material, which has a weak AFM behavior with J/KB of 1.9 K. Heutz and coworkers
(54; 57) showed that thin films and powders of the CoPc exhibit strong AFM coupling,
with an exchange energy reaching above 100 K. This interaction is up to two orders of
magnitude larger than any other MPcs. All these experiments support a model of a
spin ground state dominated by dz2 with some dxz,yz participation. In macroscopically
ordered thin films of substituted CoPc, the hybridization of orbitals and extended
delocalization is further expected to enhance the interactions and lead to long range
magnetic ordering and spin polarization of ligand electrons.
Preliminary results in CoOBPc thin films
The CoOBPc thin films were deposited on a sapphire substrate using the pen writing method as described earlier (see chapter 2) and preliminary measurements were
carried out in the 5 T Oxford MO magnet. Figure 3.2a shows the absorbance of the
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CoOBPc thin film which is significantly broadened compared to that of the solution
due to the Davydov splitting and extended excitonic coupling in the crystalline phase
that leads to more complex band structure (20; 90). Polarized microscopy images of
the resulting Co-OBPc film is shown in figure 3.2b inset where the scale bar is 200
µm. Again, the image contrast originates in the different orientation of the crystalline
axes in neighboring grains, while the molecules pack tightly along the stacking axis
which is parallel to the sapphire substrate.
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Figure 3.2: (a) Absorbance of CoOBPc thin film (b) Polarized microscope images of an
Cobalt-OBPc thin films (0.75 wt. % in toluene at 0.01 mm/sec) showing long range ordering.
The contrast between colored grains originates from the different grain orientations with
respect to the microscope polarization axis.scale bar is 200 µ m

Figure 3.3a shows a typical Magnetic Circular Dichroism (MCD) spectrum of
the Co-OBPc Q-band region in the crystalline thin film while figure 3.3b displays
the MCD temperature dependence. The measurement was carried out at 5 Tesla
(T) and 6 Kelvin (K) achieved by using silver paste as the adhesive to mount the
substrate to the sample holder. The use of silver paste improves the heat transfer
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between the sapphire substrate and the sample holder ensuring the sample reaches
the cryostat base temperature. The π orbital overlap and the phonon coupling leads
to a degeneracy lifting of the electronic states, resulting in a manifold of MCD-active
states in that spectral region. Here, we encounter the scenario of unpaired spins
originating from the metal d-orbitals and delocalized π electrons present due to the
phthalocyanine ligand hybridizing with each other.
The most striking feature of the thin film MCD spectrum is the significant decrease
in the MCD magnitude in the 700-850 nm spectral region as the temperature is
increased. The remaining spectral region also shows significant changes in the MCD
spectral signature of ligand states as a function of temperature but is not as dramatic
as the the states from 700 nm to 850 nm. The states in this region are the ones
that show a significant temperature dependence confirming that these are the band
gap states that are most affected by the presence of the Cobalt spins. However,
higher magnetic fields were required to observe saturation and quantify the exchange
interactions in these thin films. The results of large B/T experiments are presented
in the following section.
High B/T results in CoOBPc
MCD was further carried out in a 10 T Oxford superconducting magnet (Spectromag)
equipped with a He-3 insert at the National High Magnetic Field Lab (NHMFL). The
quasi -monochromatic output (bandwidth = 2 nm) of an Oriel 1/4 meter monochromator equipped with a 240 Watt Tungsten Halogen lamp was used. Light was focused
onto the sample using free space optics in Faraday geometry while the monochromator scanned the wavelength through the Ultraviolet (UV)- Visible(VIS)- Near Infra
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Figure 3.3: (a) MCD magnetic field dependence of CoOBPc thin film (b) MCD temperature
dependence of CoOBPc thin film. Sample mounted using silver paste as adhesive

Red (NIR) range in steps of 1 nm and the transmitted light was collected by a silicon photo-diode. MCD (∆A ∼ Vac /Vdc ) and the overall transmittance (Vdc ) were
recorded using standard dual lock-in amplifier technique. The cryostat probe allowed
for varying the sample temperature from 2 K to 70 K. The results are shown in the
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figure 3.4 and, as expected, there is a non linear evolution of states with magnetic
field in the 700 to 850 nm spectral range (see Fig. 3.5). Also, we see a significant
energy shift from 774 nm to 785 nm (see Fig. 3.4b) for the higher energy band gap
feature. The state at 740 nm red shifts and has a negative evolution in addition to
the state at 709 nm. In the 600 to 750 nm region the 2.5 T scan actually clearly
shows 6 states evolving with magnetic field and heavily mixing at higher magnetic
fields. While the Q band region is quite MCD active, the B band (below 550 nm)
is now heavily quenched which is strikingly different than the metal free OBPc case.
Although the states here show saturation, we focused on the Q band states as we
wanted to probe the delocalized ligand states involved in charge transport.
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Figure 3.5: MCD vs B magnetic field ramps of different states in the CoOBPc band gap

Figure 3.5 shows the MCD vs B field ramps for the states in the Q band region.
The energy of the incident light was fixed while the magnetic field was ramped at a
fixed rate of 0.8 T/min. The important transitions that were considered were the 618
nm, 783 nm and 824 nm features. All others showed very weak non linear behavior
(not shown here) similar to 709 nm feature. Interestingly, we observe hysteresis for
the MCD at 783 nm consistent with a very long spin relaxation time (on order of
minutes) that was never observed in CuOBPc or MnOBPc. The MCD field ramps
were done in two parts, first ramping up to 10 T and holding the field at 10 T and
then ramping down to negative 10 T, as the magnetic field was controlled separately
from the labview measurement routine that recorded the MCD signal. We see that,
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Figure 3.6: (a) MCD temperature dependence of 618 nm feature(b) MCD temperature dependence of 783 nm feature

the MCD signal continues to decay at longer timescales than the magnetic field sweep
rate. In the case of figure 3.5d, which is a single ramp from negative 10 T to positive
10 T. Here too, we see that the slow relaxation dynamics causing the positive and
negative field response to be non symmetric. This behavior is quite unique to these
hybridized features as no such effect was seen for any other states. This behavior is
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best understood as resulting from weak spin orbit coupling and hyperfine interactions
in organic molecules, which leads to the possibility of preserving spin-coherence over
times and distances much longer than in conventional inorganic semiconductors (138).
Similar behavior was observed for FePc thin films (13) and it may be possible to
circumvent it by ramping the field at very slow rates. However, at present, the
slowest rates afforded by the superconducting magnet did not solve this problem in
our case. Future experiments should be planned accordingly to avoid this issue.
More information about the behavior of these states can now be extracted from
the temperature dependence of these ramps. As depicted in figure 3.6, the states
at 618 nm and 783 nm, both show a strong temperature dependence. The 618 nm
feature evolves into a linear dependence at about 5 K, while the 783 nm feature is
still non-linear even up to 10 K. In the case of 783 nm feature, we also observe a large
diamagnetic contribution that becomes more apparent after the onset of saturation at
4 T. To understand the subtle differences in the behavior, a quantitative estimation
for the strength of this exchange can be therefore obtained from the evolution of the
Zeeman splitting with applied magnetic field for both these states.
Considering the presence of exchange interaction and equating expressions 2.14
and 2.15, one can extract the effective g-factor of the delocalized electrons in CoOBPc
by looking at the evolution of Zeeman splitting of these states with magnetic field.
Although the complex nature of these states and their evolution with magnetic field
doesn’t allow for a complete fitting of this spectra, one can still extract the necessary
values by carefully considering the FWHM of the individual states and taking the
maximum absorbance at the central wavelength of each state. Figure 3.7 shows
evolution of the Zeeman splitting with magnetic field for the three relevant states in
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the band gap region.
The fittings show that at 2 K, the effective g-factor for 618 nm is 5.65, which is the
highest among all the Q band gap states, while the effective g-factor for 783 nm is -1.4
and for 824 nm is -2.1. The non linear evolution of the states and the Zeeman splitting
evolution leads us to conclude that, a weak indirect spin exchange interaction turns
on below 5 K for CoOBPc thin films and the MCD signature of the state involved
in this exchange is at 618 nm. At the same time, there is evidence of hybridization
or mixing of unpaired spin and ligand orbitals and excitonic delocalization (see Fig.
3.4), primarily involving the 783 nm and 824 nm states in the band gap. However,
this hybridization leads to weak spin polarization of delocalized ligand electrons.
This behavior is remarkably different from that of CuOBPc, which showed presence
of spin polarization below 2K, 650 nm state being involved in the exchange and
with no other band gap states involved. Both CuOBPc and CoOBPc are spin 1/2
systems. However, they have unpaired spins in dx2 −y2 and dz2 orbitals respectively.
The dz2 orbital, which has a significant out of plane lobe is possibly responsible for this
enhanced hybridization behavior evident in the delocalized ligand electrons. Whether
the dxz,yz is involved in any significant way, it can not be completely ascertained at
this point, and there is no evidence supporting this idea.
In conclusion, two different mechanisms are present below 5 K in the case of
CoOBPc crystalline thin films. While we observe spin polarization of the ligand
electrons that turns on only below 5 K (618 nm feature), the hybridization of the
other band gap states (700 nm to 850 nm region) survives to higher temperatures.
The unusual spin relaxation dynamics, strong mixing of the band gap states and
the temperature dependence of these states suggests that, the hybridization results
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due to the strong mixing within the delocalized phthalocyanine ligand orbitals and
ligand electrons coupling with Cobalt d orbitals. This presents us with the possibility
that, CoOBPc band gap excitonic states can be tuned to possibly enhance the spin
polarization through varying the excitonic delocalization present in this system.
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magnetic field (c) 824 nm feature Zeeman splitting evolution with magnetic field
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3.2

Exchange in manganese octabutoxy
phthalocyanines

Manganese Phthalocyanine (MnPc) is one of the most interesting of the MPc molecules,
first investigated in the late 1960’s, and still eluding researchers with regards to the
types of magnetic exchange, the dominant exchange mechanism present, and the
orbital arrangement of its ground state. MnPc has d5 configuration with three unpaired electrons distributed within the 3dz2 , dxz,yz and the dxy orbitals. The ordering
of these energy levels and their spin occupancy is still under debate within the scientific community. Agreement has only been reached with regards to the 3dx2 −y2 which
is usually located at energies far above the conduction band. Different ground states
have been proposed for this molecule (139; 140). Also, when considering molecular
stacking arrangements in MnPc thin films, the inter chain interaction is generally
neglected due to large interchain metal-metal distances in Pc molecules is larger than
intrachain metal-metal distance which results in small overlap of the wave functions
in the former case. These interactions, however, might not always be insignificant as
different magnetic interaction length scales might be present at various temperatures.
Additionally, depending on the chemical environment around the Pc ligand, substantial differences in order of energy levels and complicated exchange interactions are
expected (131; 141; 142).
As mentioned earlier, the ground state of MnPc is believed to be in a S = 3/2
spin state with two possible ground state configurations, 4 Eg [(dxz,yz )3 (dxy )1 (dz2 )1 ]
or 4 A2g [(dxy )2 (dxz,yz )2 (dz2 )1 ] (see Fig. 3.8) (139; 140). DFT studies using the Am-
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sterdam density functional package on unligated and ligated MnPc (143) calculated
a 4 Eg ground state configuration differing from the earlier results of magnetic measurements on the β phase MnPc which indicated a 4 A2g ground state (140). These
calculations also showed that the weak axial ligation lowers the relative energy of 4 A2g
but is not able to change the energy order between the 4 Eg and 4 A2g states. More
recently, XMCD experiments (144) confirmed Ferromagnetic (FM) coupling and also
determined the ground state of β phase MnPc to be 4 Eg .
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Figure 3.8: Possible ground states with filled electrons in the square planar geometry. Labels
on the right hand side in (a) are the irreducible representation in the D4h point group
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Earliest measurements on single crystals of MnPc grown by vacuum sublimation
confirmed that the Mn is in a S=3/2 spin state (139; 145). At low temperatures FM
interactions compete with a weak Antiferromagnetic (AFM) coupling. The possibility
of Mn spins coupling via a superexchange mechanism that involves the π system of
the ligand was considered by Mitra et al. and Lever (139; 145). Figure 3.9 shows FM
and AFM ordering due to superexchange mechanisms involving the filled eg levels of
the phthalocyanine molecule and the unpaired d levels of the metal.
(a)
eg’

Pc’

eg’’

a1g’

Pc’’

M’

a1g’’

M’’

Ferromagnetic Coupling
(b)

e g’

eg’’

dxz,dyz’

Pc’

Pc’’

M’

dxz,dyz’’

M’’

Antiferromagnetic Coupling
Figure 3.9: Two possible superexchange mechanisms involving the filled eg levels of the
phthalocyanine molecule that lead to ferromagnetic or antiferromagnetic coupling (Adapted
from Mitra)

In the first case, we can consider the highest filled eg orbitals of two adjoining Pc
molecules, eg ’ nd eg ”; and the corresponding half-filled metal dz2 orbitals, alg ’ and
alg ". If the electron in alg ’ has a up spin, then an electron with down spin can be
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transferred to alg ’ from eg ”(shaded spin), but not from the orthogonal orbital eg ’. Since
the orbitals eg ” (with a net spin up) and alg ” are orthogonal, the coupling between
them will be ferromagnetic so that the electron in alg ”, will also be in a spin up state.
This is similar to the Heisenberg exchange model where two spins with orthogonal
wavefunctions align FM. In the second case, if we consider superexchange pathway
involving half-filled dxz,yz orbitals, with filled eg ’ and eg ”, the magnetic coupling is
expected to be AFM. This arises because electron transfer can occur from both eg ”
and eg ”, to both dxz ’, dyz ’ and dxz ”, dyz ” which causes the spins in eg ’ and eg ” to be
coupled AFM.
A FM state with a Curie temperature of 8.6 K was also observed by Miyoshi
and coworkers by ac susceptibility measurements on single crystals of MnPc with a
transition temperature determined to be 8.6 K. Further magnetization and torque
measurements indicated that MnPc may have canted ferromagnetism with two sublattices that form linear FM chains (146; 147). This was later confirmed by Mitra et al.
(150) by solving the structure of single crystals with neutron diffraction experiments.
However, MBE grown MnPc thin films did not show canted ferromagnetism which is
usually observed in the β crystalline phase of MnPc. Recent magnetic susceptibility
measurements on β phase MnPc again produced a positive Curie-Weiss constant,
indicating the existence of the FM interaction while the α phase MnPc showed AFM
ordering (12; 148).
The ferromagnetism observed in MnPc is rather unique among metal phthalocyaninates. Usually, in α phase, the angle between b axis and molecular plane of
MnPc is about 65o and in β-phase the angle between b axis and molecular plane of
MnPc is 45o . The strength and type of exchange coupling due to the orbital overlap
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in the adjacent molecules can therefore vary and the FM interaction due to half-filled
metal dz2 (a1g ) orbitals can become weaker due to change of stacking angle from 45o
to 65o . However, the AFM superexchange coupling between dxy and dyz orbitals via
the π orbital of the ligand does not become weaker when we change the stacking angle
(71).
Finally, the indirect exchange coupling similar to the one observed in CuPc (148;
26) could also be present in MnPc in addition to FM and AFM superexchange coupling. In thin films this interplay between three different coupling mechanisms, the
π orbitals delocalization and the vibrational coupling makes it difficult to pinpoint
the origins of magnetic exchange. The true nature of the exchange interaction in
MnOBPc have been explored here using Magnetic Circular Dichroism (MCD) measurements and complementary SQUID measurements. The results are presented in
the following sections.
Preliminary results in MnOBPc
Earlier MCD and Absorption Spectroscopy experimental determination of the ground
State of MnPc in an Argon Matrix was carried out by Williamson (140) and they found
4

Eg to be the ground state term contradictory to the early 4 A2g assignment. Satura-

tion behavior was seen, with strong temperature dependence existing for states even
below the MnPc ligand Q band gap energy. Interestingly, the presence of unpaired
d-levels above and below the HOMO level of the Pc ligand was predicted recently
(143) and also shown to exist in the electronic excitation spectrum of MnOBPc films
by electron energy-loss spectroscopy(EELS) (142; 41; 149). Taking this into consideration, MCD and absorption on crystalline thin films was performed up to 5 T at
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6 K (as described in chapter 2) in the Visible (400 nm) and near infra red (NIR)
range (up to 1350 nm). Two detectors were used during the measurements, Silicon
photo-diode (400 nm to 900 nm) and InGaAs photo-diode (900 nm to 1350 nm) as
each of these, have the optimum response for the range they were employed.
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Figure 3.10: (a) MCD evolution of MnOBPc crystalline thin film at 6K. (b) Absorbance
of MnOBPc thin film. (c) MCD vs B field ramp showing non linear evolution of 573 nm
feature

Figure 3.10b shows the absorbance of the MnOBPc thin film and we see the Q
band gap at around 900 nm as well as states below the typical band gap. Along with
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the significant broadening, we also observe transitions at 1075 nm and 1275 nm far
below the band gap. Figure 3.10a shows the MCD spectrum of the MnOBPc from
500 nm to 1350 nm (the IR spectra is multiplied by a factor of 5 for clarity). The
resulting manifold of MCD-active states in that spectral region is quite different from
other Metal OBPcs with a clear non linear evolution of 573 nm state as shown in
the magnetic field ramp in figure 3.10c. In addition, other states in the band gap
manifold, 647 nm and 1267 nm showed non linear evolution (see Fig. 3.11). From
the absorption and MCD saturation behavior, it is most likely that additional states,
below the band gap, have a ligand as well as Mn d state contributions, due to dxz,yz
state hybridizing and mixing with the ligand eg like orbitals with π ∗ character (41;
149). Transitions to these partially filled states from the valence band states and
from these states to other conduction band states become allowed in the crystalline
thin films due to this mixing.
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Figure 3.12: MCD temperature dependence of MnOBPc thin film, B = 4 T

The temperature dependence (see Fig. 3.12) sheds further insight onto the other
two states with marked non-linear behavior (573 nm and 647 nm) in the visible MCD
spectrum. The dominant feature at 573 nm is strongly affected along with the states
around 500 to 775 nm. The non-linear MCD field and strong temperature dependent
behavior, makes it clear that, the 573 nm and the 647 nm states have contributions
that arise from interactions of ligand orbitals with the unpaired Mn spins. The states
above 775 nm range show relatively no temperature dependence at all. Both the
detectors used here, have poor response around the MnOBPc 900 nm band gap and
temperature dependence in the NIR region could not be performed at 5 T due to low
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signal to noise ratio, so just like in the case of other MOBPcs, we performed MCD at
10 T and 2 K to further elucidate the behavior of transition states in the visible and
NIR range. Detailed analysis and interpretation of results follow in the next section.
High B/T results in MnOBPc
MCD experiment up to 10 T on MnOBPc crystalline thin films was carried out
using an experimental setup similar to that employed for the CoOBPc experiments
described earlier in this chapter at the National High Magnetic Field Lab (NHMFL)
facility. InGaAs photo-diode was introduced as a second detector for the near ir range
from 900 nm to 1350 nm. MCD (∆A ∼ Vac /Vdc ) and the overall transmittance (Vdc )
were recorded along with magnetic field ramps measured at specific wavelengths. The
complete MCD spectra recorded at 2 K for the visible range using the Silicon photodiode is shown in the figure 3.13. A much more complicated spectral evolution and
larger number of band gap transitions are seen for MnOBPc as compared to the other
MOBPcs investigated before. Each spectral range of interest identified earlier will be
discussed in parts for detailed explanation of the evolution behavior of these states.
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Figure 3.13: MCD spectra for MnOBPc crystalline thin films recorded at 2 K for the visible
range using Si photodiode
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Figure 3.14: (a) MCD spectra recorded for MnOBPc crystalline thin films at 2 K from 400
nm to 615nm. MCd vs B field ramps at 2K for (b)577 nm feature (c)439 nm feature (d)495
nm feature and (e)531 nm feature

Figure 3.14 shows just the 400 nm to 615 nm MCD spectral range recorded at 2
K. We can clearly see the linear or non linear response of different states with applied
magnetic field. Magnetic field ramps at 2K for 577 nm feature(see Fig. 3.14b), shows
very strong saturation. The 3 primary B band features; 439 nm feature, 495 nm
feature and 531 nm feature (see Fig. 3.14(c-e)), are all linear with applied magnetic
field confirming that there is no sign of exchange interaction present in these states.
This behavior is again remarkably different than CoOBPc thin film, where these lower
lying states were heavily quenched.
Figure 3.15 shows the 640 nm to 1000 nm MCD spectral range recorded at 2 K.
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The data shows that, indeed, the 651 nm feature saturates with applied magnetic
field(see Fig. 3.15a and b). We also see saturation for the 788 nm feature, while the
895 nm feature evolves linearly with applied magnetic field. Also, the spectra clearly
shows a large shift of the two split Q band states(see Fig. 3.15a) and mixing of these
states with applied magnetic field. This zero field splitting of the bandgap exciton is
reduced in the presence of external magnetic field. This is somewhat similar to the
behavior we saw earlier for CoOBPc thin film (see Fig. 3.4). I believe this to arise
from hybridized ligand and d states except that the states involved have no indication
of any interaction with unpaired spins.
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Figure 3.16 shows the NIR MCD recorded using a InGaAs photo-diode at 2 K
for MnOBPc crystalline thin films (spectra has the same color legend as in figure
3.12). As expected, we see that the 1269 nm feature saturates (see Fig. 3.16c)
with applied magnetic field confirming the presence of unpaired spins from d-orbital
mixing with ligand states. We also observe a change in slope for the 1070 nm feature
that is indicative of Brillouin like function superimposed on a strong diamagnetic
component (see Fig. 3.16b). To further understand and confirm the presence of
exchange interaction of the relevant states in the band gap manifold, we can explore
the temperature dependence of these states.
The temperature dependence of the 577 nm feature and the 1269 nm feature
can be seen in the figure 3.17(a and b). Both these features are strongly temperature
dependent again confirming the presence of exchange interactions. Figure 3.17c shows
the 2 K evolution for 577 nm feature and the Brillouin function fitting with a modified
g factor. Clearly the fitting for a S = 3/2 and g = 2 does not fit the data well, whereas
a g = 3.33 is the best fit to the data. Similarly, figure 3.17d shows that S = 3/2,
g = 2.9 is the best fit for the 1269 nm feature. These fittings are similar to the
modified Brillouin functions used in the DMSs (113; 114). In the case of MnOBPc,
the hybridization of the d orbitals and the ligand orbitals in the presence of spin orbit
coupling results in quenching of the orbital momentum and these additional lifting
of the degeneracies makes it difficult to predict the total angular momentum for the
states involved in the transitions. However, we were able to spectrally resolve the
behavior of individual electronic states and identified the states that interact with
the localized spins.
The magnetic properties of MnOBPc thin films were studied with the use of Quan-
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Figure 3.16: (a) MCD spectra for MnOBPc crystalline thin films recorded in the NIR
region(900 nm to 1350 nm) using a InGaAs photo-diode at 2 K. Magnetic field ramps at
2K for (b)1070 nm feature (c)1269 nm feature

tum Design XL-5 magnetometer system. The dc magnetometry was used to study
magnetization M vs. T response. Measurements were performed over a wide temperature range T = 2 to 250 K. The contribution of the sample holder was subtracted
from the experimental data. The isothermal magnetization, M, measurements were
done in the presence of a static magnetic field with values B < 5 T. Previous susceptibility measurements for parent MnPc (139; 150) showed that the average moment
per Mn atom rises as temperature is lowered, however, below 14 K, the moment again
decreased sharply. It was suggested that the next nearest-neighbor antiferromagnetic
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interactions start dominating the ferromagnetic nearest neighbor interactions. Figure
3.18a and b shows temperature susceptibility product vs temperature for MnOBPc.
A ferromagnetic to antiferromagnetic transition is observed as the temperature is reduced. The interplay between ferromagnetic and antiferromagnetic energy scales is
further confirmed by a ferrimagnetic transition seen at about 4 K(see Fig. 3.18b and
d).
Previous measurements on MnPc (139; 150) also showed a small but reproducible
kink in the susceptibility vs. T plot at 3.5 K. It was suggested that there was a
small but finite antiferromagnetic exchange interaction between the chains, in addi118

(a)

XT [10 m k/emu]

Ferromagnetic response

5

0

50

100

150

14

T (Kelvin)

10

200

(c)

0.8

8.0
3

6.0

Ferromagnetic ordering
Tc = 44 K

4.0
2.0
0.0

16

Ferrimagnetic response

0

5

0

25

50

75

T (Kelvin)

100

15

T (Kelvin)

20

25

30

0.6

0.4

θp = - 2 K

0.2

0.0

125

10

(d)

3

3

18

12

10.0

3

20

3
3

10

1/X [10 emu/cm ]

3

3

XT [10 m k/emu]

15

0

1/X [10 emu/cm ]

(b)

22

20

-2

0

2

4

6

T (Kelvin)

8

10

12
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thin film. The magnetic response of the thin film suggests a transition from Ferromagnetic
phase to Ferrimagnetic phase. Tc here represnts the ordering temperature.

tion to the apparently dominant ferromagnetic intra-chain interaction. Figure 3.18
shows the results of the magnetization measurements on the MnOBPc thin film. The
temperature susceptibility product vs temperature plot clearly shows the ferromagnetic response (see Fig. 3.18a). As the temperature is lowered we see a transition
to ferrimagnetic behavior (see Fig. 3.18a). The inverse susceptibility vs temperature
Curie Weiss plots (see Fig. 3.18c and d) clearly confirms the deviation from the linear
relationship at low temperatures and a positive Tc OF 44 k is extracted from the plot.
As the temperature is lowered, strong antiferromagnetism starts competing with fer119

romagnetic coupling and the data exhibits a downward deviation, while a transition
to a ferrimagnetic behavior with a negative intercept θp of - 2 k is recorded (see Fig.
3.18d).
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Figure 3.19: (a) Inverse MCD as a function of temperature for the MnOBPc 577 nm feature.
Inset: low temperature ramp of the 577 nm feature.

In analogy to the SQUID measurements where the inverse susceptibility curves
gives information about magnetic ordering providing the sign and strength of the
magnetic coupling, one can generate an inverse MCD vs T plot from the MCD measurements. (13). The inverse MCD signal at 577 nm feature is shown in figure 3.19.
T < 15 K ramp was performed at 6 T(see inset in Fig. 3.19) at NHMFL while the
higher temperature data was recorded at 4 T in the Oxford Microstat MO magnet at
UVM ((see Fig. 3.12)). The values of MCD in the plot were normalized by dividing
both the data sets with the applied magnetic field, B. The negative intercept θp of
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- 2 k obtained from SQUID is in agreement with fitting of the higher temperature
MCD data. Considering the SQUID and MCD results are in agreement, we conclude
that while there are two exchange mechanisms competing at lower temperatures.
Again, for MnOBPc, we can quantify the strength of this interaction resulting
from this net spin polarization by applying the sp-d model in a similar manner to the
Cu and Co case. Applying the indirect spin exchange interaction model explained
earlier and equating equations 2.14 and 2.15, we extracted the effective g-factor of
the delocalized ligand electrons in Mn-OBPc. The evolution of Zeeman Splitting of
all the relevant states with magnetic field is shown in figure 3.20. Although we did
not do a complete fitting for this spectra, one can still extract the necessary values,
just as in the case of CoOBPc, by carefully considering the FWHM of the individual
states and taking the maximum absorbance at the central wavelength of each of these
transitions.
Overall, we saw four transitions in the NIR region; 895 nm, 950 nm, 1070 nm and
1269 nm, three of which are below our typical band gap energy of MnOBPc. Further
degeneracy lifting of these eg like states in MCD gives us some clues as to their
origin. Earlier MCD results on non substituted MnPc in an Argon Matrix predicted
the ground state spin configuration to be 4 Eg ((dxz,yz )3 (dxy )1 (dz 2 )1 ). Similar to
MCD results on non substituted MnPc in an Argon Matrix, we also see, strong
temperature dependence and saturation for states; at about 577 nm and 651 nm. More
importantly, all the features have a low effective g-factor (see Fig. 3.20) except the
577 nm feature suggesting that this state has a strong interaction of ligand electrons
with unpaired d-spins. However, there is only a slight change in the g factor for 651
nm, 788 nm, 1050 nm and 1269 nm state. The 1269 nm state, however, shows strong
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ferromagnetic like MCD evolution and saturation. These results suggest that, 1269
nm state is strongly spin-orbit coupled ( most likely due to the hybridization with the
d-states of the metal ion) that are not involved in an indirect exchange mechanism.
Also, the fact that lower energy transition states are visible in absorption (see Fig.
3.10b) and that these states are non linear with magnetic field or have some d-like
character suggests that these state results from hybridization between ligand eg (π ∗ )
states with the dxz,yz state of the manganese, being of the same symmetry. This
hybridization results in additional states that are seen in absorbance and MCD, as
now, transitions to these partially filled states from the valence band states and from
these hybridized d-like states to conduction band states are also allowed (140). EELS
results (41; 142; 149) on unsubstituted MnPc thin films also revealed the existence
of partially filled states and low lying excitations below the band gap.
The states at 651 nm and 788 nm also show an effective g-factor of about 3.65
and 1.3, respectively (see Fig. 3.20b and c) most likely resulting from weak indirect
exchange interaction between the unpaired d orbital spin of the manganese with the
low lying eu (σ) states in the ligand. This is quite similar in behavior to the state
observed in the case of CuOBPc (see Fig. 2.25). The MCD transitions at 651 nm
and 788 nm is therefore, most likely, from lower lying σ states in the valence band
manifold (eu (σ) → eg (π ∗ )).
Finally, as mentioned earlier, at 2 K the effective g-factor for the 577 nm is
the largest among all the states, about -43 (see Fig. 3.20a). This remarkable result,coupled with the clear observation of low temp antiferromagnetic ordering suggests that it is the 577 nm state that is responsible for an indirect exchange mechanism
that promotes AFM ordering below 14 K. More importantly, it indicates that one can
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Figure 3.20: (a) 618 nm feature Zeeman splitting evolution with magnetic field showing
linear fitting for the effective g factors, (b) 783 nm feature Zeeman splitting evolution with
magnetic field (c) 824 nm feature Zeeman splitting evolution with magnetic field
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take advantage of this optically allowed transition to create spin polarized electrons.
In the absence of Electron paramagnetic resonance experiments that identifies the
symmetry of the half-occupied d-orbitals or a fully -solved crystal structure that
would enable a theoretical model of the unpaired spin distribution in the presence
of long range intermolecular coupling, one can only hypothesize about the unpaired
spins distribution on the d-orbitals. Moreover, complete crystal structure for the
MnOBPc has not been solved yet. Nevertheless, all studies of the MnPc molecules as
well as SQUID magnetization measurements for MnPc thin films agree on the spin
3/2 state of the Mn ion. Moreover, complete crystal structure for the MnOBPc has
not been solved yet. Considering our MCD results and previous assignments of the
states by other researchers for unsubstituted MnPc, the model for the exchange in
MnOBPc is presented below.
We know that the, relevant orbitals in the vicinity of the band gap of MnOBPc
are the phthalocyanine ligand orbitals with eu (σ), a1u and eg symmetry, but also
the metal 3d orbitals with dxz,yz , dxy and dz2 symmetry. Symmetry considerations
dictate that it is the dxz,yz orbitals that hybridize with the eg orbitals of the ligand.
The presence of low energy EELS excitations for MnPc (142; 149), clearly depicts
partially filled eg (π ∗ ) states with metal 3d character slightly above the ligand a1u
orbital. Our MCD results also show the transitions between the a1u ligand state and
these hybridized eg (π ∗ )-dxz,yz located between the HOMO and LUMO orbitals of the
ligand are MCD active as evidenced by the new NIR features shown in figure 3.16.
Considering the selection rules for such excitations and the saturation behavior
seen at 1269 nm, the metal dxz,yz states due to their symmetry are most likely involved
in the transitions in this region. Since this state has very weak effective g-factor
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suggesting no evidence of any indirect magnetic exchange of the Ruderman-KittelKasuya Yosida (RKKY) type being present in the NIR states. The transitions being
probed in MCD are essentially involving allowed ligand orbital transitions and weak
spin polarization of ligand orbitals suggests that indirect exchange is not the dominant
mechanism here as the spins are not that localized after all for this state. In MnOBPc,
both AFM and FM ordering are in principle possible as presented in figure 3.9. If the
d-orbitals involved in the superexchange are hybridized with the ligand orbitals, the
FM order could be achieved through double exchange instead. Our MCD experiments
did reveal the presence of a new state within the bandgap that bears the signature
of a localized state characterized by strong spin-orbit coupling. (This is the state
responsible for the 1269 nm feature). It is most likely that the overall ferromagnetic
behavior observed at higher temperatures is most likely related to this state. Whether,
these NIR states are responsible for the ferromagnetic ordering we see in SQUID, is
still uncertain but very likely.
While the origins of ferromagnetism in MnOBPc still eludes us, the MCD measurements do shed light on the origins of the low temperature antiferromagnetic coupling.
The evolution of MCD with magnetic field at 651 nm and 788 nm is very similar to the
one previously observed for the eu (σ) → eg (π ∗ ) transition in CuOBPc (see Fig. 2.25).
These lower lying σ states in the valence band manifold (eu (σ) → eg (π ∗ )) are likely
involved in exchange with the dxy orbital. Based on our MCD measurements we are
able to establish the origins of the low temperature antiferromagnetic ordering. We
interpret the large effective g-factor extracted for the 577 nm state as originating from
a very strong exchange between the dz2 orbitals of manganese and the delocalized σ-π
orbitals of the ligand. The dz 2 orbital, extends out of the molecular plane, would also
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explains the significant spin polarization and enhanced interaction with neighboring
molecules leading to ordering of the Mn ions. The highly localized character of this
state also suggests that it could take part in RKKY type exchange. The modification
of delocalized electrons in this system which act as a intermediary in the RKKY type
coupling can thus open a pathway to tune this exchange interaction. Forming thin
films of mixed alloys of metal free OBPc and MnOBPc in different ratios can be effective in tuning the Mn Mn distance and would change the length scale of exchange
interaction in this system.
In summary, due to the different exchange interactions arising from different symmetries of the unpaired spins d-like states and their hybridization with the ligand
orbitals, we find an interplay between various exchange couplings between Mn ions
in MnOBPc thin films. In contrast to previous studies that identified superexchange
as the main mechanism responsible for low temperature magnetic ordering, our MCD
measurements lead to the possible co-existence of a double exchange involving the
hybridized dxz,yz -eg (π ∗ ) states and a very strong antiferromagnetic coupling that originates from an indirect exchange between the dz2 orbitals mediated by the delocalized
π orbitals of the ligand. MCD as well SQUID data clearly suggest that both doubleexchange and indirect exchange contribute and compete with each other resulting
in either long range ferromagnetic or antiferromagnetic ordering. Furthermore, our
results indicate that MnOBPc thin films have band gap states with significantly different character than those in CuOBPc or CoOBPc. The presence of energy levels
within the nominal band gap of OBPcs and the hybridization of the metal d-orbitals
with the σ and π orbitals of the ligand suggests that, a radically different charge
and spin transport may be observed in future experiments in MnPc as opposed to its
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ubiquitous cousin, CuPc. Moreover, for the same reasons, it is highly likely that the
magnetic exchange and spin character in MnOBPc molecules is highly tunable.
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Chapter 4
Tuning Exchange in Metal OBPcs
This chapter presents the results of magneto-optics experiments conducted to explore
the possibility of tuning/controlling exchange interactions. Crystalline thin films of
metal/metal-free phthalocyanine alloys of Cobalt and Manganese octabutoxy phthalocyanines were fabricated using the pen writing technique and studied using magnetic
circular dichroism and Magneto-PL experiments.

4.1

Introduction

Recent improvements in solar cell efficiencies, large mobilities and excitonic properties
dependence on strong intermolecular interactions have made it essential to investigate the effect of magnetic properties on the delocalized ligand electrons (12; 13;
34). The delocalization of conduction ligand electrons spanning several lattice sites
in crystalline small molecule semiconductors makes the understanding of exchange
interactions in these materials crucial for spintronics application. Metal Phthalocyanines (MPcs) represent an ideal test system for exploring subtle changes in exchange
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interactions as these systems have varied exchange interactions that manifest itself in
the crystalline phase. Depending on the nature of metal and ligand interactions, indirect exchange, direct exchange, superexchange or even double exchange is possible
(12; 13; 34; 35).
In the crystalline phase, there is a strong interaction between electrons in the phthalocyanine ligand leading to an energy band of delocalized states. Since d electrons
have a relatively large exchange interaction compared to their kinetic energy, they
can have a wide range of effects on these delocalized electrons depending the relative
energies and symmetries of the orbitals and the molecular stacking in thin films. Similar to the Diluted Magnetic Semiconductors (DMS), macroscopically ordered MPcs
have delocalized itinerant (ligand electrons) carriers and an exchange interaction between these ligand electrons and the unpaired spin of the d-shell ion can result in
magnetic ordering and spin polarization of ligand electrons (1; 4; 47). To control
and ultimately tune these exchange interactions in these materials, the understanding of various types of magnetic exchange mechanisms was the ideal starting point.
A review of the parent metal and metal free OBPcs is also presented in the following
section.
As discussed in earlier chapters, we take advantage of the hollow capillary pen writing deposition technique to fabricate organic semiconductors films of metal/metal-free
phthalocyanine alloys with macroscopically ordered grains and minimize the influence
of disorder and grain boundaries on the electronic and optical properties (17; 27; 29;
93). Since, both the metal and metal free octabutoxy phthalocyanine are organosoluble and similar in structure, one can employ a straightforward approach of mixing
them in different weight ratios. Previous identification of the specific delocalized elec-
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tronic states in metal free octabutoxy phthalocyanine (H2 OBPc) and MOBPcs states
involved in the exchange helped further tuning of the exchange interaction in these
materials in a way reminiscent of an RKKY interaction. The advantage of a solution
processing deposition method is that macroscopically ordered grains minimizing the
influence of disorder and grain boundaries on the electronic and optical properties
can be fabricated and the changes in exchange interactions can be explored in these
alloys.
In this endeavor, Magnetic Circular Dichroism (MCD) and spin dependent photoluminescence (PL) in high magnetic fields up to 25 T were performed on thin films of
mixed H2 OBPc:CoOBPc and H2 OBPc:MnOBPc alloys. The formation of thin films
of metal/metal-free phthalocyanine alloys helps in spatially varying the distance between the spins while altering the delocalization length in the system, as the ratios of
the two parent materials is changed. This was expected to influence the exchange interactions present in this system. The systematic variable temperature and magnetic
field-dependent studies of these alloyed films reveal that the exchange interaction can
be controlled with the ratio of metal/metal free phthalocyanine present. The presence
of the delocalization character in these films, relative to the number of magnetic ion
spins, as well as changes the metal-metal distance in the mixed systems leads to the
tuning of the magnetic interactions. Most importantly, the HOMO and LUMO ligand
states become engaged in this exchange, as evidenced by high magnetic field MCD
measurements performed in the 25 T Split-Florida HELIX magnet. Magneto-PL
measurements conducted in the same magnet indicate the bandgap exciton becomes
spin-polarized in high magnetic fields.
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4.1.1

Review of H2OBPc, CoOBPc and MnOBPc
thin films

A short review of the 5 T results is presented here for H2 OBPc, CuOBPC, CoOBPc,
and MnOBPc as majority of the experiments performed on mixed thin films were
done at 5 T. Polarized microscopy images of pure H2 OBPc, CoOBPc, and MnOBPc
(Fig. 4.1) indicated crystalline grain sizes obtained through the pen writing method
are in the millimeter range. As mentioned before, the contrast observed in these
images originates from the different orientation of crystalline axes in adjacent grains
(16; 81). Phthalocyanines are essentially a quasi 1D system with highly anisotropic
electronic properties (8; 17; 115) where molecules pack along a particular crystalline
direction often referred to as the stacking axis, as depicted in figure 4.1a. Optical
selection rules dictate that light polarized along the stacking axis is not absorbed
hence the contrast observed in figure 4.1 which also indicates the stacking axis is
parallel to the substrate. PL studies shown in chapter 2 indicated that the excitonic
states are delocalized along the same axis as a result of phonon coupling.
Summary of the 5 T MCD and absorbance spectra recorded in the bandgap (Qband) region from metal and metal-free OBPc films is presented in Figure 4.2. In all
cases, the MCD spectra shows significant differences from their solution counterparts
(21; 115; 123; 124) because the π orbital overlap and long range phonon coupling
(101; 102; 103) leads to a degeneracy lifting of the electronic states resulting in
a manifold of MCD-active states in the band gap region. In the case of the purely
diamagnetic H2 OBPc film, the MCD spectrum depicted in figure 4.2a matches existing
reports that assign the higher wavelength (negative MCD) side of the spectrum to
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Figure 4.1: (a) Crystalline ordering for the substituted H2 OBPc. The crystalline structure
is triclinic with two molecules per unit cell. The molecules stack face to face along [110]
( stacking axis) forming a chain where the nearest neighbor distance is less than 5 Å (b),
(c) and (d) Polarized optical microscope images of CoOBPc, H2 OBPc and MnOBPc thin
films deposited with the hollow capillary technique. In some cases, the crystalline grains are
mm-sized. The microscope scale bar is 200 µ m for all three images.

four bandgap exciton states exclusively involving delocalized states from the C-N ring
of the phthalocyanine (21; 22). The positive MCD contributions (short wavelengths)
correspond to transitions involving lower energy states that lie below the valence
band. These transitions are symmetry forbidden in individual Pc molecules and gain
oscillator strength in the crystalline phase through mixing with σ orbitals of the lone
nitrogen pair and phonon coupling(24; 120; 123). The introduction of a partially
filled d-shell metal ion such as Cu2+ (S = 1/2), Co2+ (S = 1/2), or Mn2+ (S = 3/2) to
the center of the Pc ring results in a radical change of the MCD spectra dominated
by features originating from d-π hybridized degenerate states. The presence of long
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Figure 4.2: (a)-(d) Magnetic Circular Dichroism (red curves) and absorbance (black dotted
curves) from a series of octabutoxy phthalocyanine thin films recorded at B = 5 T and T =
5 K in the bandgap region of the absorbance spectrum (i.e. Q-band). The introduction of
the d-shell metal ion has a dramatic effect on the MCD spectra that contains contributions
from several states in the valence band manifold.

range magnetic ordering and an exchange interaction between the d-shell spins and
the delocalized ligand (π orbitals) states is reflected in the evolution of MCD from
these delocalized states with magnetic field.
By monitoring the evolution of the MCD spectrum in Figure 4.2 with temperature
and magnetic fields, we already identified a specific delocalized state in the valence
band manifold that mediates an indirect exchange interaction between the S = 1/2
Cu spins (see Fig. 2.25). The unpaired Cu spin is located on a 3dx2 −y2 orbital, which
cannot hybridize with ligand states because of their different symmetries. This is
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the reason for the similarities between the MCD spectra of metal-free and those of
CuOBPc, especially in the high energy (low wavelength) range. It is also the reason
for the low magnetic ordering temperatures T < 2 K observed in films of CuPc. For
this reason, mixed films of CuOBPc were not pursued and we focused on CoOBPc
and MnOBPc instead.

Figure 4.3: (a) MCD spectra recorded at 5 K and applied magnetic fields ranging from 0.2
T to 5 T in a CoOBPc in the bandgap region of the absorbance spectrum (Q band). The
semitransparent regions mark the electronic states affected by dπ hybridization that exhibit
a non linear evolution of MCD intensity and peak energy with applied magnetic field. The
bandgap excitons located at λ > 850 nm remain unaffected by the localized d-orbitals. (b)
MCD spectrum evolution with applied magnetic field at 5 K in a MnOBPc thin film. In
this case all MCD active states are affected by the hybridization with Mn d-orbitals and
significant quenching of the bandgap MCD (λ > 800 nm) is observed.

The identification of ligand delocalized states that are strongly affected in the
presence of d-shell spins is possible if we monitor the evolution of each MCD feature
in figure 4.3 with magnetic field. Figure 4.4 displays this evolution for several of
these relevant states in CoOBPc (Fig. 4.4b) and MnOBPc (Fig. 4.3c). The evolution
of the state responsible for indirect exchange in CuOBPc (Fig. 4.4a) is also shown
for comparison. In contrast to evolution for CuOBPc, the MCD signature of the
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hybridized d-π clearly survives at 5 K, as illustrated by the non-linear evolution in
figures 4.4b and c. In the case of CoOBPc, the strongest signature is observed for the
677 nm transition that we associate with the 3dz2 π orbital.
Figure 4(a) depicts a series of MCD spectra recorded from CoOBPc at 5 K that
indicate the 600-800 nm range contains several additional features resulting from the
hybridization of states in the ligand valence band manifold. The most interesting
evolution is that of the shorter wavelength features (positive MCD) that clearly shift
in energy with increasing B-field. These are most likely the states involving the 3dz2
orbital. In addition, the apparition of additional features in the 700-800 nm range
(longer wavelengths) indicate the 3dxz,yz orbital of Co also hybridizes with ligand
orbitals.

Figure 4.4: Evolution of MCD with magnetic field at 5K recorded from several MCD-active
states in (a) CuOBPc, (b) CoOBPc and (c) MnOBPc. The green dotted lines are linear
fits to the low field data.

In MnOBPc, the three unpaired spins are located on 3dz2 , dxy and dxz,yz orbitals
that hybridize with states in the valence and conduction bands manifolds. For this
reason, transitions involving the hybridized 3dz2 - π orbital MnOBPc have the maximum MCD oscillator strength (λ = 573 nm in Fig. 4.4c) and all the other transitions
in the Q-band region are significantly affected. Also notable is the overall quenching
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of the orbital momentum illustrated by the reduced MCD magnitude in the λ > 700
nm range. The other states also evolve non-linearly because of the orbital degeneracy
introduced through hybridization with 3 dxz,yz states. In MnOBPc, all states except
the one responsible for the 842 nm transition evolve non linearly with applied magnetic field, however the most dramatic deviation from the diamagnetic behavior is
observed at 573 nm.
In summary, the MCD experiments performed on the metal OBPc thin films
clearly point towards specific electronic states that mediate the exchange in organic
systems and show that MCD will be further valuable in directly investigating the
changes in magnetic exchange and low temperatures magnetic ordering in these systems. CoOBPc and MnOBPc both show potential for tuning of the exchange interactions and were further explored by mixing them with metal free OBPc and forming
macroscopically ordered thin films.

4.2

Mixed thin films of cobalt octabutoxy phthalocyanines

4.2.1

Thin Film fabrication and characterization

Mixing CoOBPc and H2 OBPc in different ratios ranging from 1:1 to 1000:1 H2 OBPc:
CoOBPc was achieved by taking the individual H2 OBPc and CoOBPc powders and
dissolving each in a 0.5  by weight solution (for ex. 0.0005g/100 µl) in toluene. After
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Figure 4.5: (a) Polarized microscopy images of a mixed 5: 1 CoOBPc thin film(scale bar is
200 Âľm). (b) Absorbance of CoOBPc, H2 OBPc, and mixed 5:1, 3:1, 1:1 H2 OBPc:CoOBPc
thin films (This data and figure: courtesy of Lane Manning)

sonicating each individual solution for 15 minutes, they were combined by volume
into another solution (using the appropriate ratio desired), and then this combined
solution was sonicated for an additional 20 minutes to assure complete mixing. The
solution was then immediately deposited onto the PTS treated sapphire substrate
using the hollow capillary pen writing technique (16; 17) at approximately 0.01 mm/s.
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Figure 4.5 shows the polarized images of the 5:1 H2 OBPc:CoOBPc thin film fabricated
using the hollow capillary pen-writing technique as well as the absorbance of the
CoOBPc, H2 OBPc and mixed 5:1, and 1:1 H2 OBPc:CoOBPc thin films crystalline
thin film. The image contrast originates in the different orientation of the crystalline
axes in neighboring grains, as described in the previous section. Long range order
was preserved in the case of these mixed films. Also, the absorbance spectra of
the mixed alloys with ratios between 10:1 an 1:1 H2 OBPc:CoOBPc, all indicate the
presence of the delocalized band edge exciton of the metal free films. The films have
a character of both metal free and Metal OBPc while having a much more delocalized
red shifted excitonic character, similar to the one that is observed in the case of metal
free H2 OBPc, as the amount of metal free H2 OBPc in increased.
Focused white light absorption spectroscopy was performed on the mixed CoOBPc
thin films to confirm the uniformity of the film morphology and optical characterization. Figure 4.6 shows the absorption at 8 different grains in the 5:1 H2 OBPc:CoOBPc
thin film. This suggests that the films are without any clusters or aggregates of the
parent H2 OBPc and CoOBPc. There is slight variations in the overall absorbance due
to difference in the thickness of the film in different regions. However, the relative
ratios between the three major peaks in the Q band is well behaved again implying complete mixing without any aggregation. Moreover, GIXRD on the thin films
of the mixed systems also showed specific reflections that are being analyzed and
indicative of good crystallinity in these films. The main reason for the spectacular
results presented in figure 4.6, specifically the preservation of large grain sizes even
at a 1:1 H2 OBPc:CoOBPc concentration is possible because the two molecules are
iso-structural. The iso-structural character is considered one of the key requirements
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when mixing molecules to form well ordered structures (151).

Figure 4.6: (a) Absorbance of mixed 5:1 H2 OBPc:CoOBPc thin films in 8 different spots
within the crystalline film (data and figure: courtesy of Lane Manning)

Temperature-dependent PL on different ratios of the mixed thin films (Fig. 4.7)
of H2 OBPc:CoOBPc shows that, at room temperature, the broad emission at 890 nm
is present which is similar to the one observed for H2 OBPc thin film. However, at
cryogenic temperatures (below 50 K), a red shifted feature emerges. This feature at
925 nm, we believe, corresponds to the delocalized exciton oriented along the stacking
axis of the molecules (152). The nominally dark exciton, has polarization oriented
perpendicular to the H2 OBPc molecular plane and appears due to phonon-coupling
and extended π delocalization along the stacking axis. As the ratio of H2 OBPc and
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CoOBPc decreases, the size of alloy fluctuations becomes comparable to the exciton
delocalization length scale. We see the presence of both the singlet emission at 890
nm and the delocalized emission in these films. The PL emission is constant for ratios
greater than 10:1 and starts to change for samples with higher content of Metal OBPc.
The PL results suggests that the size of alloy fluctuations becomes comparable to
the exciton delocalization length in films with ratios smaller than 10:1. The Metal
OBPc essentially, acts as a barrier to the delocalized exciton diffusing in the crystal,and in effect, limiting the wavefunction overlap along the stacking axis and therefore fundamentally altering the delocalized exciton state. These results provided us
with important feedback on the extent of length scale at which the magnetic exchange
can be tuned in these mixed thin films.
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Figure 4.7: PL spectra for 8 different mixed ratios H2 OBPc:CoOBPc thin films at room
temperature and 5 K(excitation wavelength λ = 735 nm) (data and figure: courtesy of Lane
Manning)
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4.2.2

MCD of mixed CoOBPc films

MCD of 1:1 mixed CoOBPc films

Figure 4.8: (a) 10 K MCD evolution for 1:1 H2 OBPc:CoOBPc thin film. (Notice the extra
splitting at 700-800 nm region accompanied by saturation) (b) Temperature dependence of
1T MCD spectra (Notice the loss of splitting above 10 K). (c) MCD and energy evolution
for the 783 nm feature with applied magnetic field. (d) 783 nm feature Zeeman splitting
evolution with magnetic field at 10 K.

MCD experiments were carried out using the setup described in Chapter 2 of this
thesis (see fig. 2.17). From the optical experimental results observed in the previous
section, the range of concentrations explored were 1:1 to 5:1 H2 OBPc:CoOBPc. Fig142

ure 4.8a shows the Q band MCD spectral evolution of the 1:1 mixed H2 OBPc:CoOBPc
crystalline thin film measured at 10 K, while figure 4.8b shows the temperature dependence of these band gap states. The mixing of the H2 OBPc and CoOBPc leads to
extra degeneracy lifting in the band gap states. The region from 700 nm to 800 nm
shows this extra splitting with the 783 nm feature saturating at 4 T. The MCD peak
energy of this 783 nm feature blue shifts as we increase the magnetic field (see figure
4c). Also, we see that the entire Q band region of the spectrum is highly temperature
dependent and this splitting is lost as temperature is increased (see figure 4.8b). The
spectrum appears very similar to that of the pure CoOBPc spectra above 15 K.
A quantitative estimation for the strength of exchange interaction can now be
obtained from the evolution of the Zeeman splitting with applied magnetic field, as
measured in MCD experiments (48; 114; 113). One can estimate the effective g factor
for a particular state in the MCD band gap region, although the complex nature of
these states and their evolution with magnetic field doesn’t allow for a complete
fitting of this spectra. I extracted the necessary values by carefully considering the
FWHM of the individual states and taking the maximum absorbance at the central
wavelength of each state. An estimation of the indirect exchange interaction for the
delocalized ligand electrons (see figure 4.8d) gives us a gef f of about 0.29 which is
significantly different than the case for non interacting spins. These results suggest
that tuning of the hybridization of ligand π electronic states with the d-orbitals is a
definite possibility in these materials.
The 1:1 mixed H2 OBPc:CoOBPc crystalline thin film was further explored at 5 K
and results are presented in Figure 4.9. In contrast to the CoOBPc 5 k behavior, we
see that the mixing of the H2 OBPc and CoOBPc leads to extra degeneracy lifting in

143

1.0

no hybridization

hybridization of ligand and
metal Q bands

-3

MCD (x 10 )

0.5
0.0

5T
4.5T
4T
3.5T
3T
2.5T
2T
1.5T
1T
0.5T

-0.5
-1.0
-1.5
-2.0
500

600

700

800

Wavelength(nm)
Wavelength(nm)

900

1000
1000

Figure 4.9: (a) 5 K MCD evolution for 1:1 H2 OBPc:CoOBPc thin film. (The extra splitting
at 700-800 nm region is accompanied by saturation and large energy shift of the states at
800 nm.

the band gap states. The region from 700 nm to 800 nm confirms this extra splitting
with the 775 nm feature saturating at about 1 T (see Fig. 4.10a). The MCD peak
energy of this feature blue shifts as we increase the magnetic field along with an
additional band gap state that evolves and mixes with the 775 nm feature (see Fig.
4.9b). Also, we see that the entire Q band region of the spectrum 650 nm to 850 nm
is affected by the presence of extended delocalization in the system while the B band
does not show any change in behavior due to this hybridization.
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Figure 4.11: (a)-(d) 5 K MCD energy and feature evolution for 1:1 H2 OBPc:CoOBPc thin
film up to 5 T. The total energy scale is 70 meV for better comparison among individual
features.
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MCD of 3:1 mixed CoOBPc films
Figure 4.12a shows the Q band MCD spectral evolution of the 3:1 mixed H2 OBPc:
CoOBPc crystalline thin film measured at 5 K, while figure 4.12b shows the same
evolution up to 1 T. The region from 700 nm to 800 nm shows non linear behavior
and features that saturate at 1 T. While the 783 nm feature is no longer split as it was
the case for 1:1 feature, we nevertheless see it mixing with the 725 nm feature and
causing it to change sign and becoming negative. The MCD peak intensity of the other
two features is shown in figure 4.13 and we can see the large diamagnetic contribution
due to the ligand electrons superimposed on the saturation. These results suggest
that the hybridization of ligand π electronic states with the d-orbitals is enhanced
in the case of the 3:1 mixed H2 OBPc:CoOBPc and the bandgap states become spin
polarized.
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Figure 4.12: (a) 5 K MCD evolution for 3:1 H2 OBPc:CoOBPc thin film. (Notice the
nonlinear evolution in 700-800 nm region) (b) 5 K MCD evolution up to 1 T for 3:1
H2 OBPc:CoOBPc thin film showing the saturation of the 3 features
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Figure 4.14: (a) MCD magnetic field dependence of mixed 5:1 CoOBPc thin film at 2K.
There appears to be strong saturation at 765 nm.

MCD was also carried out with the sample mounted in a 10 T Oxford superconducting magnet (Spectromag) equipped with a He-3 insert similar to the 10 T
experiments for the MOBPcs. Light was focused onto the sample using free space
optics in Faraday geometry while the monochromator scanned the wavelength from
400 nm up to 1000 nm range in steps of 1 nm and the transmitted light was collected
by a silicon photo-diode. The results are shown in the Fig. 4.14. As was in the case
of CoOBPc, we had seen a non linear evolution of states with magnetic field around
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the 700 to 850 nm (see Fig. 3.5). For the 5 to 1 mixed CoOBPc we see a strong
saturation at 765 nm. The B band (below 600 nm) was heavily quenched before and
now it is strikingly different in the mixed CoOBPc case and completely linear, due to
the contribution from the extra ligand electrons in H2 OBPc. Figure 4.15 depicts the
comparison of 10 T, 2 K MCD spectrum for CoOBPc and mixed 5 to 1 CoOBPc and
one clearly sees the appearance of an extra splitting at about 765 nm. Moreover, the
saturation of the 765 nm is much more pronounced than the 783 nm (see Fig. 4.15b)
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Figure 4.15: MCD comparison of 10 T, 2 K spectra for CoOBPc and mixed CoOBPc.

Figure 4.16a shows the interesting hysteresis curve as seen previously in the case
of CoOBPc. There appears to be pronounced long spin relaxation dynamics in this
system at low temperatures. A reliable interpretation of the temperature dependence
is hindered by the presence of very long spin relaxation dynamics. A Brillouin function
fit to the 765 nm (see Fig. 4.16b) for a S = 1/2, g = 2 gives a very good fit to the
initial slope of the curve suggesting that the increase in separation of the metal metal
distance in this case leads to a scenario of non interacting spins and possibly loss of
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Figure 4.16: (a) Magnetic field ramps of 765 nm state in mixed 5 to 1 CoOBPc thin film.
red cureve is the intial ramp up to 10 T, blue curve is the next ramp to negative 10 T and
green curve is the final ramp to 0T from -10 T

any previous long range ordering. However, the latter part of the curve does not fit
well and is most likely due to the ligand delocalized electrons interacting with the
spins. Also, during the experiment, we are probing a statistical distribution of the
spins in the sample and all of the Cobalt atoms may not be at the same distance
from each other leading to complex picture of spin-spin interaction along with spindelocalized ligand interaction. The other possibility in the mixed CoOBPc system is
that Cobalt spins are interacting with the ligand electrons. A quantitative estimation
for the strength of the interaction obtained from the evolution of the Zeeman splitting
with applied magnetic field for the 765 nm state gives us an effective g-factor of -2.86.
Although complete fitting of the MCD spectra is not performed, one can still extract
the necessary values of the FWHM by fitting the absorption and take the maximum
absorbance at the central wavelength 765 nm state which comes from further splitting
of 759 nm state in the absorption(see Fig. 4.17(b)). Figure 4.17(a) shows this result
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that at 2 K, the effective g-factor for 765 nm is -2.86 while for 783 nm for CoOBPc
was -1.4. This suggests that weak indirect spin exchange interaction can be tuned
in this system after extending the ligand delocalization in the system. At the same
time, the increase in separation of the metal metal distance may be limited to only 5
molecules in the chain.
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Figure 4.17: (a) 765 nm Zeeman splitting evolution with magnetic field showing linear fitting
for the effective g factor (b) Absorption fitting of mixed 5 to 1 polycrystalline CoOBPc film
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Figure 4.18: (a) 13 K MCD evolution for 5:1 H2 OBPc:CoOBPc thin film in the 25 T
Split-Florida Helix magnet (a) 1T up to 19 T. (b) 19 T to 25 T evolution.
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To further explore the exchange interaction at higher temperatures, we investigated 5 to 1 mixed H2 OBPc: CoOBPc crystalline thin film in the 25 T Split-Florida
Helix magnet. Figure 4.18(a,b) shows the 5 to 1 mixed H2 OBPc:CoOBPc MCD
evolution with magnetic field. All measurements were carried out at the nominal
temperature of 13 K which is the current base temperature of the custom-made 25T
cryostat. The data shows that the Q band gap states (600 nm to 900 nm) are strongly
affected. The band gap excitonic states (800-900 nm) are heavily mixed with a large
blue shift in energy (see figure 4.18a) accompanied by even stronger mixing that eventually quenches both the states (see figure 4.18b). Additionally, the features below
800 nm saturate at about 9 T while the B band (400-500 nm) simply evolves linearly
with applied magnetic field.
Figure 4.19(a,b) shows the Magneto-PL evolution of the 5 to 1 mixed H2 OBPc:
CoOBPc. The fact that these excitonic band gap states are spin polarized at higher
temperatures suggests that the phonon assisted coupling of the delocalized excitonic
states is quite unique and clearly suggests that the interaction between the delocalized
electrons and cobalt spins is turned on due to the presence of charge carriers that now
have extended delocalization. Again, the absorbance spectra of these films (see Fig.
4.5) also suggested that, there was extended overlap between the molecules, hence
the presence of the red-shifted delocalized exciton state.
Conclusions
The understanding of spin dependent exchange interaction between delocalized ligand
electrons with unpaired d spins enables one to further tune these interactions by
spatially varying the distance between the spins while increasing the delocalization
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length in the system. This leads to the spin polarization of the delocalized ligand
electrons. Due to the long range order and phonon assisted delocalization, we expect
indirect exchange interaction to compete with hybridization until the temperature is
large enough to overcome the exchange splitting completely. More importantly, the
HOMO and LUMO ligand states become engaged in this exchange, as evidenced by
25 T MCD and Magneto-PL measurements which indicate that the bandgap excitonic
state becomes spin-polarized in high magnetic fields.
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4.3

Mixed metal and metal free thin films
of Manganese octabutoxy phthalocyanines

4.3.1

Thin Film fabrication

Mixing MnOBPc and H2 OBPc in different ratios ranging from 1:1 to 50:1 H2 OBPc
: MnOBPc was achieved, as mentioned before, by taking the individual H2 OBPc
and MnOBPc powders and dissolving each in a 0.5  by weight solution (for ex.
0.0005g/100µl) in toluene. After sonicating each individual solution for 15 minutes,
they were combined by volume into another solution (using the appropriate ratio
desired), and then this combined solution was sonicated for an additional 20 minutes
to assure complete mixing. The solution was then immediately deposited onto the
PTS treated sapphire substrate using the hollow capillary pen writing technique (16;
17) at approximately 0.01 mm/s. Figure 4.20 shows the polarized images of the 3:1
and 5:1 H2 OBPc:MnOBPc thin film fabricated. The contrast in the images originates
due to the different orientation of the crystalline axes in neighboring grains.
Figure 4.20(a-e) also shows the absorbance of the thin films of the parent materials
and mixed thin films of 1:1, 3:1 and 5:1 H2 OBPc:MnOBPc. The absorbance clearly
shows the nature of interaction of these crystalline thin films with the 1:1, 3:1 and 5:1
H2 OBPc:MnOBPc ratio having a character of both metal free H2 OBPc and MnOBPc.
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Figure 4.20: Polarized image of mixed 3:1 and 5:1 MnOBPc thin film(scale bar is 200
Âľm) and absorbance of thin films (a) Absorbance of MnOBPc (b) H2 OBPc, and (c-e)
Absorbance mixed 5:1, 3:1, 1:1 H2 OBPc:MnOBPc thin films (Polarized images: courtesy of
Lane Manning)

4.3.2

MCD of mixed MnOBPc films

MCD experiments were carried out using the setup described in Chapter 2 of this
thesis (see Fig. 2.17). The temperature study was carried out by subtracting high
field MCD spectrum at a particular temperature with the zero field MCD spectrum
taken at the same steady temperature. The results are presented in the following
sections.
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MCD of 1:1 mixed MnOBPc films
Figure 4.21 shows the MCD data taken at 7 K and up to 5 T on a 1:1 H2 OBPc:MnOBPc
thin film. The data was smoothed using the FFT filtering function in peakfit software.
Figure C.1 shows the raw data and the FFT smoothing applied to data.
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Figure 4.21: (a) 7 K MCD evolution for 1:1 H2 OBPc:MnOBPc thin film.

Figure 4.22 shows the MCD temperature dependence data taken at 4 T on a 1:1
H2 OBPc:MnOBPc thin film. MCD temperature dependence for 1:1 H2 OBPc:MnOBPc
thin film for the entire Q band region is shown in figure 4.22a. The 550 to 610 nm
region shows large temperature dependence (Fig. 4.22b) as compared to the rest of
the Q band which has very weak temperature dependence. The inverse MCD vs tem160

perature dependence of 577 nm feature is plotted in figure 4.22c and shows a weak
ferromagnetic response with a Tc of 2 K.
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Figure 4.22: MCD temperature dependence for 1:1 H2 OBPc:MnOBPc thin film. (a) MCD
temperature dependence up to 60 K (b) 540 to 600 nm region showing large temperature
dependence. The rest of the Q band has very weak or no temperature dependence. (c)Inverse
MCD Temperature dependence of 577 nm feature. Fitting the linear regime gives a weak
ferromagnetic interaction with a Tc of 2 K
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MCD of 3:1 mixed MnOBPc films
Appendix figure C.3 shows the original data and the FFT smoothing applied to
data. Figure 4.23 shows the MCD data taken at 5 K and up to 5 T on a 3:1
H2 OBPc:MnOBPc thin film.
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Figure 4.23: (a) 5 K MCD evolution for 3:1 H2 OBPc:MnOBPc thin film.

Figure 4.24 shows the MCD temperature dependence data taken at 4 T on a 3:1
H2 OBPc:MnOBPc thin film. MCD temperature dependence for 3:1 H2 OBPc:MnOBPc
thin film for the entire Q band region is shown in figure 4.24c. The 540 to 600 nm
region shows large temperature dependence (see Fig. 4.24a) as compared to the rest
of the Q band which has very weak or no temperature dependence. The inverse MCD
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vs temperature dependence of 571 nm feature is plotted in figure 4.24b and shows a
ferromagnetic response with a Tc of 9.4 K.
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Figure 4.24: MCD temperature dependence for 3:1 H2 OBPc:MnOBPc thin film. (a)540
to 600 nm region showing large temperature dependence. The rest of the Q band has very
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MCD of 5:1 mixed MnOBPc films
Figure 4.25 shows the MCD data taken at 5 K and up to 5 T on a 5:1 H2 OBPc:MnOBPc
thin film. The data was smoothed using the FFT filtering function in peakfit software.
Figure C.5 shows the raw data and the FFT smoothing applied to data.
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Figure 4.25: (a) 5 K MCD evolution for 5:1 H2 OBPc:MnOBPc thin film.

Figure 4.26 shows the MCD temperature dependence data taken at 4 T on a 5:1
H2 OBPc:MnOBPc thin film. MCD temperature dependence for 5:1 H2 OBPc:MnOBPc
thin film for the entire Q band region is shown in figure 4.26a. The 550 to 610 nm region shows large temperature dependence 4.26b as compared to the rest of the Q band
which has very weak temperature dependence. The inverse MCD vs temperature de164

pendence of 571 nm feature is plotted in figure 4.26c and shows a weak ferromagnetic
response with a Tc of 4 K.
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Figure 4.26: MCD temperature dependence for 5:1 H2 OBPc:MnOBPc thin film. (a) MCD
temperature dependence up to 60 K (b) 550 to 600 nm region showing large temperature dependence. The rest of the Q band has very weak or no temperature dependence. (c)Inverse
MCD Temperature dependence of 571 nm feature. fitting the linear regime gives a ferromagnetic interaction with a Tc of 4 K
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Conclusions
MCD results of mixed MnOBPc thin films, demonstrate the typical example of an
organic analogue to traditional RKKY exchange mechanism (14; 15). The 577 nm
state which was involved in exchange in parent MnOBPc and was predicted to be
tunable, indeed, shows this effect. The addition of metal free molecules, in effect,
tunes the average distance between two Mn spins in the alloyed films and make the
577 nm state highly localized. Figure 4.27a shows large change in the MCD signal for
the 577 nm between the MnOBPc and 1:1 H2 OBPc:MnOBPc thin film. We believe
this is the result of loss of extended hybridization between the d- orbitals of Mn and
the extended ligand /pi orbitals of the metal free Pc. Figure 4.27b summarizes the
effect of tuning in these films as we see the exchange coupling change from antiferromagnetic (Mn only) to weakly ferromagnetic(1:1 H2 OBPc:MnOBPc) to strongly
ferromagnetic(3:1 H2 OBPc:MnOBPc) and then finally to weakly ferromagnetic coupling(5:1 H2 OBPc:MnOBPc).
This type of oscillatory exchange coupling as a function of metal metal distance
due to the presence of non magnetic H2 OBPc molecules, to the best of my knowledge,
is observed for the first time in solution processed thin films organic semiconductors.
The understanding of spin dependent exchange interaction between delocalized ligand
electrons with unpaired d spins enables one to tune these interactions by spatially
varying the distance between the spins while also affecting the delocalization length
scale in the system. Furthermore, we see the effect of hybridized states becoming
localized resulting in an analogue of RKKY type exchange interaction in MnOBPc
thin films.
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Figure 4.27: (a) MCD comparison for 1:1, 3:1 5:1 H2 OBPc:MnOBPc and MnOBPc thin
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Chapter 5
Magneto-optics technique development

5.1

Introduction

Development of a Free-Space Ultrafast Spectroscopy system for chemistry, materials science, and biophysics research and education in the 25 T Split-Florida Helix
Magnet at the National High Magnetic Field lab (NHMFL), Tallahassee, Florida has
been a major driving force during this thesis and along with the research presented
so far, we have also successfully implemented high field-low temp Photoluminescence
(PL), magnetic circular dichroism (MCD) and fluorescence Line narrowing (FLN)
experiments at NHMFL. The NHMFL facility was established in 1990 with support
from the National Science Foundation and the State of Florida and is a collaboration
between the University of Florida, Florida State University and Los Alamos National
Laboratory (LANL). The laboratories in NHMFL provide users worldwide, access to
continuous field magnets and NHMFL has recently developed a 25 T Split-Florida
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Helix magnet which is unique in itself as it has more than half the mid-plane region
of the solenoid missing, to provide vacuum space for optical scattering and transmission measurements (118). The advancement in the magnet technology combined with
unprecedented optical access at high B/T has further lead to the development and
implementation of a unique ultrafast magneto-optical spectroscopy system which is intended to develop understanding of quantum phenomena and strong electron-electron
correlations in condensed matter systems, chemical bonding, and mechanisms of natural reactivity in biological systems. Following sections provide details of the high
B/T experiments recently implemented in the 25 T Split-Florida Helix DC magnet
facility at NHMFL.

5.2

MCD Experimental setup

Figure 5.1 illustrates the MCD 25 T Split-Florida Helix magnet setup developed in
these studies. The quasi-monochromatic (bandwidth = 2nm) incoherent output of a
Tungsten-Halogen lamp coupled to a spectrometer is directed to the sample through a
series of lenses and mirrors laid out in a 2f setup that maintains the beam collimation
through the entire 7 meters path length. (All motorized equipment, including the
spectrometer is located beyond the 50 Gauss line of the HELIX). MCD is recorded in
transmission geometry by modulating the beam circular polarization at a frequency
of 50 kHz using a cube linear polarizer (LP) and Piezoelectric Modulator (PEM) (83;
118) placed between the last mirror and lens no. 3 (as illustrated in Fig. 5.1b). The
sample is mounted on a custom design non-magnetic brass holder that includes a
small 0.5 in diameter, f = 10 mm short focal length focusing lens and a 45 degree
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mirror needed for the Faraday geometry. Light transmitted through the sample is
collected using an optical fiber coupled to a Si-diode detector connected to a lock-in
amplifier. The overall sample absorbance spectrum is simultaneously recorded using
a second lock-in amplifier set to the 267 Hz reference frequency of an optical chopper
also placed in the beam path (11).

Figure 5.1: (a) 25 T Split-Florida Helix magnet layout photograph illustrating the last
section of the 25 T free-space optics MCD experimental setup. The red line represents the
quasi-monochromatic beam that is collimated and guided through the magnet window onto
the sample. PEM = Piezoelectric Modulator LP = Linear Polarizer. The entire setup was
twice as large as the wide-angle camera lens field of view. (b) Schematics of the complete
MCD experimental layout show how the beam is guided through a 2f collimating setup on
a 5 meters beam path to a 45o cold mirror that delivers the beam to the sample in the
Faraday geometry as shown in the inset magnet probe photo. A 10 mm focal length cold
lens mounted between the 45o mirror and the sample delivers a 2 mm beam diameter to
the sample. The transmitted light is collected with an optical fiber.

The sample deposited on 0.5 inch sapphire was mounted on a copper puck(sample
mount) that can be placed into the holder with adjustable distance from the lens (see
Fig. 5.2). Silver paster was used to glue the sample on to the holder. The full probe
itself is about 5 m long and the end of the probe has a connector which was designed
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to screw in to the sample holder assembly. The heat sensor is also visible on the
connector and runs all the way out of the probe by a protected Teflon tape.

Figure 5.2: Sample holder assembly for the MCD setup.

Figure 5.3 shows the MCD data taken on a reference sample of cobalt octabutoxy
phthalocyanine (CoOBPc) thin film at the lowest temperature possible. The experimental technique developed at UVM was successfully implemented at NHMFL and
we accomplished the first successful 25 T low temperature experiments in the Split
Helix Magnet. Temperatures below 13 K are still challenging with the complicated
magnet cryostat design and geometry and have not been achieved so far.
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Figure 5.3: (a) CoOBPc thin film MCD evolution up to 25 T
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5.3

High B/T Magneto-PL Experiments
on organic semiconductors

Spin resolved Magneto photoluminescence experiments were performed using the
same sample holder as in the case of MCD in back scattering geometry, where in,
the 10 mm focusing lens also acts as collection lens for the luminescence. The sample
mount is a similar mount except with no hole for transmission as fiber free collection
was the goal. In this case, the excitation was the 20 fs, 86 MHz ultrafast output of
a Coherent Vitara Ti-Sapphire oscillator (λex = 745 nm). In order to avoid pulse
chirping and to provide a narrowband excitation the 20 fs pulses were stretched to
1.5 ps using a two prism double pass setup (see Fig. 5.4). The excitation beam was
subsequently collimated to a 0.5 in diameter using a two convex lens telescope setup
and delivered to the sample using a beam-splitter that also allowed for the collection
of backscattered luminescence. The samples investigated were mixed organometallic
thin films of Cobalt and Manganese octabutoxy phthalocyanine.
Right σ+ or Left σ- circularly polarized components of the photoluminescence
spectra were analyzed using an achromatic quarter(λ/4) wave-plate and a linear polarizer placed in front of an Acton 0.75m spectrometer slit and recorded using a
Princeton Instruments Pylon CCD camera (see Fig. 5.4). Time resolved magneto-Pl
(TRPL) was recorded using a PicoQuant time correlated single photon counting system (TCSPC) coupled with the Princeton spectrometer using Picoquant avalanche
photo-diode (50 µ m SPAD diameter) with a 120 ps IRF and Picoharp 300 module
as the interface. The reference signal in channel 0 was taken directly from one of the
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channels of the Vitara by inverting and attenuating the signal to the desired level
(about -200 mv).

Figure 5.4: The Fluoroscence line narrowing setup employed in 25 T Split-Florida HELIX
magnet. The pink line represents the output beam from Vitara that is passed through
prisms, expanded and collimated and guided through to the magnet window onto the
sample.The red line represents the backscattered PL collimated and collected on to the
spectrometer. S = prism, M = mirror, A = attenuator, P = pin hole, L = lens, PO =
polarization optics, TCSPC = SPAD detector connected to time correlated single photon
counting system (figure courtesy of Victoria Ainsworth)
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Figure 5.5: (a) pulse shaping concepts (adapted from Aleksander Mikhailovsky basic tutorial)

Most of energy transfer processes occur on the time scales larger than 100 fs and
hence using ultrafast lasers, instant excitation and fast dynamics can be measured
with high temporal resolution. Femtosecond (fs) laser pulses are Fourier transform
limited pulses, resulting in large spectral widths for short pulses (153; 154). Moreover,
ultrashort pulses become increasingly sensitive to material dispersion and the effect
of second order dispersion (SOD) on the FWHM duration of an initial pulse can be
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significant. Because of Group Delay Dispersion (GDD), the red components of the
pulse moves faster than the blue components (see Fig. 5.5), and hence, to avoid any
chirping resulting from optical components in the laser beam path, we corrected for
GDD by using a prism pair compressor setup which essentially introduces a negative
GDD (154; 155; 156).
Propagating an initial pulse through a prism yields negative GDD, but, the output
pulse has an angular as well as spatial dispersion. Adding a second identical prism,
eliminates the angular dispersion from the output beam. Propagation through an
additional identical pair of prisms can eliminate the spatial dispersion and so a fourprism pulse compressor can compensate material dispersion and also reconstruct the
beam (155; 156). We simplified this setup by using a two prisms pair by using a
mirror after the second prism. The prism pair compressor/stretcher setup used for
pulse shaping allows to change the duration of the pulse depending on the difference
between the length in between the prisms. Since the duration of the pulse is too short
to be measured by electronic detectors, an Inrad mini auto-correlator from A.P.E
having a resolution better than 1 fs was used to measure the output pulse. The
different outputs after pulse stretching are shown in figure 5.6. Each of the panels in
figure 5.6(b-d) correspond to a different length setting in the prism compressor setup
with figure 5.6a corresponding to the original signal of output pulse of the Vitara
laser.
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Figure 5.6: (a) pulse shaping output measured using a autocorrelator
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Figure 5.7 illustrates results of these experiments. The left hand side panel (Fig.
5.7a) shows a summary plot of 25 T luminescence spectra from a selection of mixed/alloyed metal/meta-free Pc crystalline thin films. In all situations the spectrum is dominated by the band-gap exciton radiative recombination. In addition, we observe a
feature at shorter wavelength, previously assigned to a localized state based on zerofield low temperature zero-field studies. Typical exciton radiative lifetimes are less
than 1 ns in this materials. Our experimental setup enables us to resolve differences in
radiative lifetimes between various components of the luminescence spectrum, as evidenced by the PL decay data shown in figure 5.7b. Finally, this experiment enables the
detection of small polarization changes using table top mounted cube polarizers and
wave plates. Figure 5.7d summarizes the evolution of luminescence polarization with
magnetic field that represents unequivocal evidence of the existence of spin-polarized
bandgap excitons. The spin polarization originates in the exchange between d-shell
electrons of Mn and the delocalized π-electrons.
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Figure 5.7: (a) Photoluminescence spectra from H2 Pc/MPc crystalline thin films. (b)
Radiative decay measured at different wavelengths across the PL spectrum of the 3:1
H2 Pc/MnPc film. (c) Polarization resolved PL spectra of the 3:1 H2 Pc/MnPc film measured at 0 T and 25 T. (d) Excitonic PL Polarization vs magnetic field for the same sample
measured at 15 K.
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5.4

Fiber free Fluorescence Line narrowing

The 25 T Split-Florida Helix magnet technology provides an unprecedented opportunity to fully implement the latest ultrafast techniques into the high magnetic field
environment towards new discoveries of spin-dependent phenomena in large variety
of systems. We revisited Fluorescence Line Narrowing (FLN) in CdSe nanocrystals,
a system where the interplay between bright and dark exciton states and exciton spin
dynamics (107; 108) can now be studied on the sub-nanosecond scale with the new
free-space optics setup and the tunable ultrafast OPERA Solo parametric amplifier.
For FLN experiments, the excitation from the ultrafast Coherent Vitara Ti-Sapphire
oscillator served as a seed laser for the Coherent LEGEND ELITE amplifier system.
The Vitara laser system incorporates a Verdi G pump laser and an oscillator cavity
together. The laser output, which is 790 nm, 525 mW, 20 fs at 86 MHz, was fed in
to Coherent LEGEND ELITE Ultrafast amplifier laser system which gives a stable
output of 5 W at 1 KHz repetition rate. The LEGEND output is then sent in to the
Coherent OPerA solo parametric amplifier which is capable of extending the tuning
capability of the ultrafast amplifier from 190 nm to 20,000 nm at 1 KHz repetition
rate.
A selected wavelength output from the OPerA Solo parametric amplifier was dispersed using a grating and a narrowband (1 nm) excitation was collected using a
slit and subsequently collimated to a 0.5 in diameter using a two convex lens telescope setup and delivered to the sample using a beam-splitter that also allowed for

181

Figure 5.8: The Fluoroscence line narrowing setup employed in 25 T Split-Florida HELIX
magnet. The dark green line represents the narrowband beam that is collimated and guided
through the magnet window onto the sample.The pink line represents the backscattered PL
collimated and collected on to the spectrometer. M = mirror, A = attenuator, P = pin
hole, L = lens, PO = polarization optics, TCSPC = PMT connected to time correlated
single photon counting system. (figure courtsey of Victoria Ainsworth)

the collection of backscattered luminescence (see Fig. 5.8). Spin resolved Magneto
photoluminescence experiments were performed on CdSe/ZnS nanocrystals obtained
from NN labs and drop cast on to a sapphire substrate. The same sample holder was
used as in the case of MCD and Magneto PL experiments and PL was again collected
in back scattering geometry, where in, the 10 mm focusing lens also acts as collection
lens.
Right σ+ or Left σ- circularly polarized components of the photoluminescence
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spectra were analyzed using an achromatic quarter(λ/4) wave-plate and a linear polarizer placed in front of an Acton 0.75 m spectrometer slit and recorded using a
Princeton Instruments Pylon CCD camera. Time resolved magneto-PL (TRPL) was
recorded using a PicoQuant time correlated single photon counting system (TCSPC)
coupled with the Princeton spectrometer using Picoquant Photomultiplier tube (PMA
182-N-M) with a 100 ps IRF and Picoharp 300 module as the interface. The PL signal is connected to channel 1 of the Picoharp 300 module while the reference signal,
in channel 0, was taken using a trigger diode (TDA 200) which was placed in the
narrowband beam path after the beam-splitter (see Fig. 5.8). The trigger diode
automatically inverts the signal before feeding it in to the Picoharp 300 channel.
The time correlated single photon counting (TCSPC) works on the statistical
sampling principle of periodic single cycle excitations, with a reference signal taken
from the laser (channel 0) and measuring the PL emission collected at channel 1 at
precise time intervals (99). Data collection from this single photon event, performed
over multiple cycles, helps in reconstructing the entire decay profile. Figure 5.9 illustrates this operation principle. The important thing to keep in mind is that, the
probability of registering more than one photon per cycle should be low, so longer
accumulation times are usually needed to get a good signal to noise ratio. Usually,
the recommended average photon detection rate of the PL is less than 5 % of the
reference photon detection rate.
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Figure 5.9: Operation principle for time-correlated single photon counting system (a) single
photon should be recorded in a cycle (b) statictical sampling using histogram increments
(c) Typical PL lifetime dacay result. (Adapted from Picoquant TCSPC Tech Note 1.2 and
Pan)
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The electronics for the TCSPC system are optimized to work in MHz region so
special care needs to be taken to perform the same experiments with a KHz repetition laser. The TCSPC principles discussed earlier make it challenging to perform
measurements at very low frequencies. Due to the nature of the emission decay, the
probability to detect a photon at short times after the laser pulse (at the peak of the
decay) is higher than at the tail of the decay. If the number of photons occurring
in one excitation cycle were greater than 1, the system would very often register the
first photon but miss the following ones. This would lead to an over-representation
of early photons in the histogram (pile-up) (11; 99). This leads to distortions of the
fluorescence decay, typically the fluorescence lifetime appearing shorter. It is therefore crucial to keep the probability of cycles with more than one photon low or in
other words, the average count rate at the detector should be at most 1 to 5 % of
the excitation rate. Therefore at 1 kHz decay rate you end up with a maximum of 50
allowed photons per second. Due to low excitation rates (1 KHz), one must suppress
the signal count rate down to 3-5 Hz and still collect enough counts to build up a
decay histogram that can be analyzed. At 1 count per second rate, this would take at
least one day. Also, considering that the dark count rate of common detectors is on
the order of 100 Hz, the experiments would need high end cooled detectors. However,
increasing the count rate to 10 % of the laser repetition rate, using air cooled Photo
multiplier tube (PMT) detector and making the background as low as possible using
black out cover material, made this challenging experiment possible.
Figure 5.10a shows some of our representative PL spectra and lifetimes. We
clearly observe the expected narrow luminescence spectra from different nanocrystals
sizes within an ensemble. We also observe a significant amount of polarization that
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Figure 5.10: (a) Spin-resolved FLN spectra from five different CdSe/ZnS nanocrystal sizes
within two different ensembles exhibit the expected amount of spin-polarization at B = 25T
and T = 15K (b) The sub-nanosecond fast component of exciton spin dynamics (inset) is
now revealed for the first time in the 25 T HELIX magnet free space optics experiments

varies as a function of size in agreement with previous CW luminescence experiments
performed in the resistive magnets. The T = 15 K long recombination lifetimes are
also in agreement with previous measurements. The significant development in this
experiment is that we can now resolve the fast spin-dependent dynamics component of
the decay. (Inset of Fig. 5.10b) There are unanswered questions in the fast component
of spin-dependent exciton dynamics in virtually every electronic material because of
the limitations imposed by fibers during experiments. All of those questions can now
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be answered using state of the art polarization optics and ultrafast electronics.

5.5

Conclusions

We have successfully implemented and demonstrated FLN and magneto PL on organo
metallic thin films using free space optics up to 25 T. The development of this instrumentation will enable unprecedented free-space ultrafast and continuous-wave
optical investigations in the otherwise inaccessible liquid helium temperatures (4 K)
and ultra-high DC magnetic fields (25 T) for a wide variety of inorganic materials.
These high B/T fiber free experiments will have significant impact in the future development of experiments involving imaging of excitons and spins in organic systems
and understanding interactions in the organometallic thin films. Moreover, the new
ultrafast spectroscopy system will be available to the international scientific community through the user program at the NHMFL. We hope that this combination of
free-space optical access, our scanning microscopy expertise and the latest generation
of ultrafast laser technology will enable us, in the future, to perform magnetic circular
dichroism imaging.
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Appendix A
NMR and XRD data

A.1

NMR
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Figure A.1: (a) NMR peak positions of metal free OBPc. (b),(c) NMR data and the singlet
peak due to hydrogens in the core is highlighted, (d) crystals of H2 OBPc collected after
purification.
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Figure A.2: (a) NMR peak positions of Zinc OBPc. (b),(c) NMR data and the abscence
of singlet peak due to metal in the core is highlighted. inset: images of impure and purified
Zinc OBPc (d) Absorbance comparison of synthesized ZnOBPc with the ZinOBPc material
supplied by Sigma Aldrich
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Figure A.3: NMR data of Cobalt OBPc showing large peak shifts and abscence of singlet
peak.
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Figure A.4: Powder XRD on OBPc thin film showing the out of plane reflection (data
courtesy of Ishviene Cour)
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(a)

H2OBPc

(b)

CuOBPc

Figure A.5: Powder XRD scan of (a) H2 -OBPc (b)Cu-OBPc (adapted from Gao)
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Figure A.6: 2D reciprocal space maps recorded in the GIXRD experiment on a CoOBPc thin
film. Single crystal data for CoOBPc is not available at this time and efforts are underway
to make single crystals.
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Figure A.7: 2D reciprocal space maps recorded in the GIXRD experiment on a CuOBPc
thin film. The single peak in the sapphire sample corresponds to [100] direction
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Appendix B
Schematics of Experimental Setups

B.1

LD/PLE Experimental setup

Figure B.1: Dual LD/PLE setup for probing brain boundaries and conducting spatially and
polarization resolved measurements. (figure courtesy of Victoria Ainsworth)
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B.2

MCD Experimental setup
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Appendix C
MCD and Magneto PL data
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Figure C.1: 5 K MCD evolution for 1:1 H2 OBPc:MnOBPc thin film.
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Figure C.3: (a) 5 K MCD evolution for 3:1 H2 OBPc:MnOBPc thin film. (b) 5 T data and
the FFT smoothing curve generated from peakfit
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Figure C.7: Magneto-PL data for 5:1 H2 OBPc:CoOBPc thin film
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